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Light-frame wood residential buildings are highly susceptible to damage caused by severe
wind events such as hurricanes and tornados. Roof failures in residential buildings are commonly
observed due to weaknesses of or missing connections. Roof-to-wall connections not only have
significant influences on roof performance but also affect building resistance due to their critical
role of transferring wind loads to the wall system and ultimately to the foundation. Roof fails when
it has no sufficient wind uplift resistance due to improper selection or installation of construction
materials (including fasteners) and strength degradation due to aging or long service. Toenailing
is commonly used in roof connections, which was found to be inadequate in high-wind areas. One
approach to improve roof performance is to use metal connectors in roof connections. However, it
was found out that such an approach may result in a water leak due to fasteners' holes, weakening
the substrate, and being susceptible to wind-induced fatigue damage. Elastomeric adhesives have
been increasingly applied in civil engineering construction due to its ease of installation, long
service life, environmental stability, cost-effectiveness, and better bonding performance over
continuous interfaces and increase stiffness. The goal of this dissertation is, therefore, to enhance
the performance of light-frame wood construction to resist the adverse effects of extreme wind
events through developing an affordable, efficient, long-service, and nonintrusive roof connections

using elastomeric adhesives (i.e., polyurethane and polyether). Specifically, their research tasks
are carried out: (i) experimentally evaluate wind uplift resistance of the proposed adhesive
connections using the monotonic uplift loading tests; (ii) experimentally evaluate the wind-induced
fatigue performance of the connections under the fatigue cyclic loading tests; and (iii) numerically
evaluate a three-dimensional roof structure with the adhesive connections under uniform and
ASCE design wind pressures. The results from the monotonic tests show that the addition of
adhesives significantly increases the uplift load capacity by (200%–460%) and energy dissipation
by (200%–750%). The fatigue loading tests consist of both constant amplitude and realistic
varying amplitude cyclic loadings. These tests' results show that adding adhesives to connections
significantly increases the endurance limit by 250~330%. From the numerical analysis, it is
observed that the three-dimensional gable roof structure using adhesive connections has reduced
roof sheathing stresses (200~400%) and deformations by 200% under uniform uplift pressure.
Moreover, the adhesive roof structure can resist a Category 4 wind speed (130-156 mph) per the
ASCE 7-16 specification.
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CHAPTER 1 INTRODUCTION
1.1

Problem statement
Light - frame wood structure consists of vertical and horizontal structural elements that form a

system of repetitive wood framing members for over 90% of the residential buildings in the US
(Fischer and Kasal 2009). The majority of these buildings are designed as low-rise buildings,
which are not strictly constructed, following narrow requirements of local building codes rather
than being well analyzed and engineered (Jacklin et al. 2014). These buildings are highly
susceptible to damage from extreme wind events such as tornadoes and hurricanes due to their
lightweight and the possibility of missing links in the vertical load path (Shanmugam et al. 2009).
For a recent example, the 2018 Atlantic hurricane season fifteen named storms formed. Eight of
those storms became hurricanes, and two of those, Florence and Michael, caused directly 40 deaths
and $12.0 billion insured losses related to low-rise wood buildings (Stewart and Berg 2019).
For any well-behaved structure, wind forces must be transferred through a complete and
continuous vertical load path. Figure 1-1 depicts a continuous load path to resist wind uplift forces
on a roof. The wind load acting upwards on the roof sheathing is resisted by nailed connections
between the sheathing and truss. The trusses are held in place by roof-to-wall connections
(RTWCs), which transfer the load into the wall system. The walls are fastened to the foundation
using anchors, which move the load to the foundation and finally to the ground completing the
load path. Therefore, any discontinuity in this load path will affect the structural performance and
consequently reduce the resistance to wind forces. In most likely, load path discontinuities cause
damage propagation to structural components leading to a structural system to fail ultimately (van
de Lindt et al. 2007). Post-hurricane damage investigations have exposed that wood structures tend
to suffer less structural damage when the roof system remains intact under extreme wind loading.
The main structural damage occurs when the roof system is partially or entirely damaged (FEMA
2012a). Roof failures in residential wood-frame buildings within their vertical load path are
commonly observed, including RTWCs and roof sheathing to truss/rafter. In addition to life safety
issues, failure of the roof or its components can cause substantial water intrusion with subsequent
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damage to the building furniture, which significantly increases the insurance losses (Sparks et al.
1994).

Figure 1-1: Vertical load paths in low-rise, wood-frame structures (Datin 2010)
Federal Emergency Management Agency (FEMA) surveys have indicated that failed or missed
roof connections would reroute loads through unintended load paths, often resulting in building
damage or collapse (FEMA 2012b; FEMA 548 2006). Toenailing is a commonly used method of
fastening roof connections (i.e., rafter-to-top plate). However, this method proved unsatisfactory
to the low uplift capacity provided in high wind regions (FEMA 2010a). Improvements were made
to building codes in response to the devastating losses. These improvements included requirements
for metal connectors at roof connections in coastal regions and significant revisions to the nailing
schedules for roof sheathing. Buildings constructed since the new requirements went into
application have performed better than older structures (Kurtis et al. 2006). However, despite these
improvements, there appear to be areas in need of additional investigation. Increasing the
requirements for sheathing attachments reduced roof sheathing loses. The next potential weak link
in the load path is the RTWCs. These connections need to effectively transfer the roof loads into
the walls, a process that requires proper design.
The fluctuated and frequent nature of wind loadings can affect the future response of the
structural elements and connections by inducing fatigue damage as studied in roof cladding that
used pierced metal fasteners, where failures to low cycle fatigue occur (Henderson et al. 2009). As
2

the metal connector’s performance primarily depends on transferring the load through its fastened
nails, it also becomes vulnerable to that fatigue effect. Fluctuating wind loads experiments showed
the load that caused the failure is less than the maximum applied load, indicating that the capacity
of the toenailed connection has been reduced (Morrison and Kopp 2011). Understanding if the
long-term effects of fluctuating wind loading below the static capacity can cause failure may be
critical to assess fatigue characteristics of RTWCs, especially in non-hurricane regions where
toenails are still used for roof connections in new construction. These regions are exposed to winds
with low to moderate speeds all year-long, where the damage is not expected due to overloading
(Tom Smith 2017).
RTWCs have significant influences on the overall behavior of roof structure due to their critical
role of transferring loads to the walls system and eventually to the foundation. Much of the research
has focused on specific components within the structure, such as roof or wall sheathing (Henderson
et al. 2013; Sartori and Tomasi 2013), or toward one particular type of connection (Alhawamdeh
and Shao 2020). An ideal approach is one that utilizes experimental results to calibrate numerical
models that can predict the performance of the structure at the system level. For many years, many
numerical models have been conducted to reproduce the structural behavior of light-frame wood
systems. These models range from very complex three-dimensional analysis, modeling every
element at the component level, to very simple linear elastic models at the structural level (He et
al. 2017). However, a systematic study of some essential issues was not widely performed, such
as nonlinear modeling of roof connection and its characteristics effects on the roof structure
components, including framing and sheathing members.
1.2

Goal and objectives

Understanding the need described in the previous section, the goal of this investigation is to
enhance the performance of light-frame wood construction to resist the adverse effects of extreme
wind events through developing an affordable, efficient, long-service, and nonintrusive roof
connections using elastomeric adhesives (i.e., polyurethane and polyether). Three objectives have
been addressed in this dissertation: (i) evaluate the uplift capacity of the adhesive connections and
explore the potential of two elastomeric adhesives for broader application in new construction.
Specifically, the uplift performance of the connection was experimentally evaluated through
3

monotonic loading tests on 30 connection specimens. (ii) estimate the wind-induced fatigue
damage of toenailed connection and evaluate wind-induced fatigue mitigation performance of the
adhesive connections. For this objective, an experimental study was conducted to investigate the
wind uplift fatigue performance of toenailed and adhesive connections under both constant
amplitude and realistic varying amplitude loadings. (iii) evaluate the effects of adding elastomeric
adhesive to RTWCs at the system level of a light-frame roof structure under extreme wind loads.
Thus, a three-dimensional numerical model was developed of a gable roof structure to capture the
nonlinear behavior of RTWCs and based on that, examine the overall performance of the roof
structure under uniform and ASCE7-16 pressures.
1.3

Significance

Proving the efficiency of increasing the uplift capacity of the developed connection uses
elastomeric adhesives can effectively minimize the adverse effects of extreme wind events.
Maintaining the integrity of the RTWC is a necessity to provide safety for building occupants and
reduce the cost of repair/replace buildings’ roofs due to failures. Compared to toenailing and metal
connectors, the reduced deformation that can be provided by the proposed connection will prevent the
formation of openings that cause water and air to invade the building. Keep the roof structure contact
to the walls with minimum movement is essential in reducing the internal pressurization effects that
could double the uplift forces on the roof. The developed connection also provides a cost-effective
alternative that is acceptable and comparable to mechanical fasteners used in the high-wind region.
Because the proposed connection is nonintrusive (i.e., it uses elastomeric adhesive rather than more
nails as metal connections do), it does not weaken the wood members through nail penetration. The
environment resistance of the adhesive in harsh weather, such as in coastal areas, improve the durability
of wood-frame buildings. In addition, data can be generated and employed to advance adhesive

materials and their construction methods continuously, which may change the way of light-frame
wood construction in hurricane-prone areas.
Knowledge of the fatigue effects on RTWC provides a more rational design approach, which
includes a more realistic estimation of current safety factors and nominal design values for RTWC.
Compared to toenailed connections, the ductile behavior of the proposed connection under the fatigue
loading condition and the increased endurance limit will lead to reduced life-cycle costs of the wood
buildings. A finite element model that predicts the response of a gable roof structure is presented
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in this study. The unique aspect of the model is the incorporation of a nonlinear link element
simulating RTWC based on force-displacement relationships that are experimentally obtained. In
this way, the model would be able to examine the adhesive effects at the system level. The model
could eventually lead to an extended analysis of a complete structure, such as an entire building,
which would not be very expensive, if not infeasible, in an experimental study. The application of
suitable numerical models in the analysis of light-frame wood structures may be particularly useful
for allowing design solutions to avoid premature damage.
1.4

Dissertation layout

The structure of this dissertation is presented in the form of a collection of papers. Chapter 2 is
a published paper in the Journal of Materials in Civil Engineering (ASCE). Chapter 3 is a submitted
paper to the Engineering Structures Journal. Chapter 4 is presented as a draft for future publication.
The three objectives of this dissertation are fulfilled by the three chapters (2,3, and 4), respectively.
Chapter 2 presents the effects of the application of elastomeric construction adhesives on the
wind uplift resistance of light-frame wood connections under monotonic load. Specimen
characteristics, construction details, test procedure, instrumentation, results, observations, and
conclusions for the monotonic investigation are given in this chapter.

Chapter 3 presents the fatigue test experiment under constant amplitude and realistic varying
amplitude loadings to get an insight on the wind-induced fatigue behavior at low to moderate wind
speeds and to demonstrate the adhesive’s effects on the RTWC fatigue performance. Testing
results of hysteresis behavior, fatigue life prediction, and failure modes of RTWCs are introduced
in this chapter.

Chapter 4 presents a 3-D numerical model to study the performance of a light-frame roof
structure under various wind loading scenarios. This numerical modeling study is focused on
evaluating, at the system level, the effects of adding elastomeric adhesive to RTWCs. The model
demonstrates an application of a connection modeling method that can accurately represent its
nonlinear behavior within the roof structure using the force-displacement relationship of RTWCs
presented in the experimental part of this study (Chapter 2).
Chapter 5 presents the summary and conclusions.
5

CHAPTER 2 UPLIFT CAPACITY OF LIGHT-FRAME RAFTER TO TOP PLATES
CONNECTIONS APPLIED WITH ELASTOMERIC CONSTRUCTION
ADHESIVES
Abstract
The effects of the application of elastomeric construction adhesives on the wind uplift resistance
of light-frame wood connections were investigated and are presented in this paper. Previous
research has revealed that proper roof-to-wall connections play a critical role in mitigating
structural damage during severe winds by providing a continuous load transfer path from the roof
down to the foundation. Monotonic uplift tests of 30 rafter-to-top-plates connections of six
configurations were conducted. Two specimen groups, standard ring shank nails alone and
strengthened with hurricane ties, were constructed with and without elastomeric adhesive
application, and their wind uplift resistances were compared to explore the effectiveness of the
two adhesives (i.e., polyurethane and polyether) when applied to the roof connections.
Experimental results show that the addition of adhesives allowed both groups to resist higher uplift
loads (approximately 200%–460%) and dissipate considerably more energy (approximately
200%–750%). Replacing hurricane ties with the adhesives approximately doubles the uplift
capacity but reduces the energy dissipation by nearly half owing to reduced deformation capacity.
Failure modes were also examined to provide reasonable explanations for the observed
performance of the connections.
2.1

Introduction

Light-frame wood construction accounts for approximately 90% of the residential buildings in
the U.S. These buildings are considered vulnerable to damage caused by severe wind events such
as hurricanes and tornados (Ellingwood et al. 2004). The 2017 hurricane season was unprecedented
by many observers, and it is becoming the new average. The intensity of hurricanes Irma, Harvey,
and Maria caused widespread devastation resulting in a total of 3,259 deaths and an estimated
$265.0 billion in losses, including significant damage to wood buildings (NOAA National Centers
for Environmental Information 2017). Apparently, the lack of performance of light-frame
constructions is a primary reason for those economic losses. Therefore, there is a strong necessity
to develop and verify new and affordable materials and construction methods to mitigate the
6

dangerous effects on structures due to extreme wind events. On the other hand, building codes
shall consider adopting these improved and affordable methods to ensure safety for building
occupants.
The investigations conducted by the Federal Emergency Management Agency (FEMA) clued
that failed or missed roof connections would reroute the loads through unintended load paths, often
resulting in building damage or collapse (FEMA 2012a; FEMA 548 2006). For light-frame wood
buildings, roof failures generally begin at the connections due to their inadequacy to resist and
transfer the loads. Among the various connections in the roof system, the rafter-to-the top plates
connection is one critical connection in the continuous load path. Acknowledging the facts that
this roof connection is a vulnerable link in the load path during extreme wind events and that the
rafter connection using toenailing only was not satisfactory, there is an increasing emphasis on the
use of specialized hardware in high-wind regions for wood framing connections to ensure
continuous load path (e.g., FEMA 2010; IBHS 2019).
Many researchers (Cheng 2004; Conner et al. 1987; Edmonson et al. 2012; Reed et al. 1997;
Rosowsky et al. 1998; Satheeskumar et al. 2016; Shanmugam et al. 2011) have sought to increase
the uplift wind capacity for the roof connections. Employing traditional metal connectors, such as
straps, ties, clips connected with nails, and screws, bolts, and extra nailing, showed significant
increases in the uplift capacity compared to those of the standard nailing connections and thus
achieving the codified wind loads in high wind regions. However, these mechanical fasteners have
shown several drawbacks. They are intrusive connections which can create a path of a water leak
by penetrating the holes, weaken the connecting wood members by intense penetration of closely
spaced nails or screws, and deteriorate at a high rate in severe environments such as coastal areas
(Canbek et al. 2011). Furthermore, they are more susceptible to wind-induced fatigue damage by
concentrating the stresses at a few localized spots in the contact areas of nails and screws in
connecting members (Henderson et al. 2009) and are considerably affected by construction
defects. For instance, if two nails required by the manufacturer for a metal framing anchor are
missed, the uplift capacity would be reduced by almost half (Satheeskumar et al. 2016).
Historically, these issues related to mechanical fasteners prompted many researchers to explore
viable alternatives to strengthen wood frame buildings. There was an interest in investigating
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adhesive materials to reduce the number of roof failures due to uplift load impact. Unlike
mechanical fasteners, adhesives would not damage substrates as fasteners holes do and do not
concentrate stress at localized spots, and thus increasing the uplift resistance through distributing
the load to a larger contact area. In addition, the application of adhesives has gained its attention
due to its perceivable better bonding performance over continuous interfaces and increased
stiffness and more exceptional durability. Their ability to be cured in an irreversible process also
helps to provide high integration to the connection components (Loushin 2012). The effects of
epoxy, acrylic foam, coating adhesive materials on wood frame roof connections have been
investigated considering both new construction and retrofit cases (Alldredge et al. 2012; Conner
et al. 1987; Datin et al. 2011; Jacobs 2003; Reed et al. 1997; Turner et al. 2009). It was observed
from these researches that increased uplift resistances were generally obtained compared to
traditional nails, and some adhesive materials also provided the prevention of multiple threats such
as moisture migration and air leaks problems. However, most of the research that applied
functional adhesive materials to connections, primarily investigated their capacity and behavior,
with less attention to the cost-effectiveness, applicability, and efficiency. The proper application
of coating and foaming materials is very equipment and applicator dependent. The spray
equipment that ensures an optimum mixing and the raw materials are rather costly. Some other
adhesives showed only a slight increase in the load capacity compared with the traditional nailing,
due to their lower strength and improper application. These deficiencies in previous studies might
be overcome through the selection of newly developed adhesives with optimum mechanical and
chemical properties, and proper application that is extended to the full contact area between the
connection members to ensure better load transfer.
Therefore, an affordable, efficient, and nonintrusive roof-to-wall connection for light-frame
wood construction using elastomeric adhesives is proposed. Specifically, polyurethane and
polyether adhesives were adopted and applied to the rafter-to-top plate connections. To evaluate
the uplift capacity of the proposed roof connection using the elastomeric adhesives and to explore
the potential of these two adhesives for broader application in new construction, various
connection specimens were built and tested under monotonic uplift loading, and their uplift
performance was experimentally evaluated, including force-displacement behavior, failure mode,
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uplift load capacity, and energy dissipation. Material properties, construction procedures, test
setup, and experimental results are discussed in detail in the following sections.
2.2

Uplift tests

2.2.1 Materials
Construction adhesives usually contain several elastomeric ingredients that account for a total
of 30 to 50 percent of the composition by weight. These elastomer ingredients include resins
(chemical compounds used in formulating adhesives to increase the adhesion), rubber, filler, and
solvents (Mun Fu Tse 1989). The different proportions of these ingredients make it possible to
create a contact cement either with low viscosity or an extrudable mastic with a more viscous
character. Cement materials are usually applied through spraying or spreading, while mastics are
extruded through a nozzle (Forest Products Laboratory 1978). Historically, mastic adhesives are
more prevalent in wood construction because of their viscosity and gap-filling capabilities. They
are employed to bond plywood decking to floor joists in bonded floor systems and bond wall
panels and dry walls to studs (Frihart and Beecher 2016). Mastics provide advantages when used
in a nail- bonding floor systems due to their stiffness, resulting in savings in construction costs. In
the installation of vertical dry walls or walls, a minimum of nails was required because of the good
wet tack inherent in mastics (Gillespie and River 1972). This study adopted commercially
available mastic adhesives such as polyurethane and polyether. These adhesives are synthetic,
thermosetting, moisture curing, and solvent-free. They can be converted by chemical reaction with
moisture at the time of use to a tough state. This reaction is not reversible once the cure is obtained.
Table 2-1 lists all the materials used to construct the test specimens in this study. Douglas Fir
wood of grade 2 or better was used for the test specimens due to its high strength and uniform
properties compared to softwoods like Southern Yellow Pine (Forest products laboratory 1952).
Ring-shank nails were chosen in constructing test specimens according to the ASTM F1667
Standard Specification for Driven Fasteners (2017a) due to their superior performance over
smooth shank nails in minimizing damages in high-wind areas (Rammer et al. 2001). The wood
fills the crevasse of the rings providing friction to help prevent the nail from backing out over time.
The Simpson Strong-Tie of type H2.5A (Simpson Strong Ties 2019) was selected to meet the
strength requirements specified in the ASTM F1667, and two types of nails (i.e., 8d and 6d nails)
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were used to fasten the tie to the rafter and the top plate respectively. The shear strength of the two
adhesives used in this study was determined following the standard lap shear tests specified in the
ASTM D2339 (ASTM International 2017b). As can be seen, the polyurethane had approximately
70% more strength than the polyether.
Rough cost estimation was carried out primarily based on the material cost showing that the
costs of the roof connections using adhesives and hurricane ties are comparable. One cartridge of
the adhesive product used in this study can cover seven connections for about $7, which led to $1
/ connection. On the other hand, the connection using hurricane ties also costs approximately $1 /
connection, including about $0.60 for the tie and the remaining cost for the nails.
Table 2-1: Construction materials properties in test connections
Wood
Dimensions
Type and grade
Rafter and top plates

2 by 8 and 2 by 4

Douglas Fir No. 2

Fasteners

Description

Dimensions

Ring shank nails

Paper tap offset round head 2.9 mm × 60.3 mm (.113 in.× 2-3/8 in.)

Hurricane Tie

Simpson H 2.5A®

152 mm × .35 mm (6 in.× 1-3/8 in.)

Nails to top plates (5)

3.3 mm × 63.5 mm (0.131 in.× 2.5 in.)
Hurricane Tie nails

Nails to rafter (5)

3.3 mm × 38.1 mm (0.131 in.× 1.5 in.)

Adhesive

Shear strength

Service temperature

Polyurethane

4.94 MPa (717 psi)

-17.8 °C (0 °F) to -71.1 °C (160 °F)

Polyether

2.88 MPa (418 psi)

-23.3 °C (- 40 °F) to -93.3 °C (200 °F)

2.2.2 Test specimen
A total of 30 rafter-to-top plates specimens representing six configurations and five specimens
of each configuration were fabricated and tested under the monotonic loading. The dimensions of
the rafters and the top plates used in constructing the 30 connection specimens are shown in Figure
2-1(a-b). While Figure 2-1(c) shows a 3D illustration of the test specimen. Nailed connections
with and without hurricane ties were the reference specimens. Polyurethane and polyether
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adhesives were applied to these two types of connections between the top plates and the rafter,
covering the entire cross-section of the notch and resulting in four more configurations. All the
test specimens and their respective configuration index were summarized in Table 2-2. Please note
that the connections with and without hurricane ties are referred to as tied and untied configurations
in this paper afterward for simplicity.

(b)

(a)

Adhesive bed between rafter
notched and top plates
Rafter

Top plates

(c)
(d)
Figure 2-1: Test specimen: (a) rafter dimension; (b) top plates dimension; (c) 3D view; (d)
toenailed connection construction
A licensed carpenter was contracted to prepare the 30 rafters with a “birdsmouth” notch to
accept the top plate. Double top plates were first nailed together using four or more ring shank
nails and then fastened to the rafter using three more ring shank nails driven by a pneumatic nail
gun at approximately 45° from the horizontal line. A pencil line parallel to the notch's edge at a
vertical distance of 25.4mm (1.0 in.) was drawn (see Figure 2-1(d)) to guide the nail placement so
that the same penetration length of the nails into the specimens would be followed. Adhesives
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were applied in approximately 3 mm (0.118 in.) thickness and were cured for at least seven days
as required by the manufacturer. For the tied configurations, the hurricane ties were fastened
between the top plates and the rafter by traditional hand-driven nails, and the nailing schedule and
dimensions are provided in Table 2-1. Photos of the representative testing specimen configurations
are shown in Figure 2-2.
Table 2-2: Six connection configurations and their indices
Index
Group
Description
N

Number of specimens

Nails only
Untied (without
hurricane ties)

N-PE

Nails + Polyether

N-PU

Nails + Polyurethane

N-T

Nails + Tie

N-T-PE

Tied (with
hurricane ties)

Nails + Tie + Polyurethane

N-PE
(a)

Total 30 specimens

Nails + Tie + Polyether

N-T-PU

N

Five of each
configuration.

N-T-PU

N-T
(b)

(c)

(d)

Figure 2-2: Test specimen configurations: (a) N; (b) N-PE; (c) N-T; (d) N-T-PU
2.2.3 Test setup
A rigid steel fixture was designed and fabricated to hold the test specimen in the loading frame
and to transfer the uplift loads (see Figure 2-3). The MTS 318.10 testing machine with a capacity
of 100 kN (22.4 kips) was employed to apply the predefined monotonic displacement-controlled
loading protocol at a rate of 2.54 mm/min (0.1 in./min) according to the ASTM D 1761 standard
(2012). While welding points rigidly fixed the lower part of the steel fixture, the upper part could
swivel freely as a universal joint to minimize the undesirable effect of loading misalignment. The
uplift loading effects were introduced to the test specimens by imposing a displacement from the
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bottom to the test specimen through the lower steel fixture while the upper steel fixture was kept
in place (see Figure 2-3). Load responses were collected using the MTS embedded sensors at a
rate of 100 Hz. Meanwhile, photos were taken to record the failure behavior of the test specimens
at various loading stages.

Universal joint
Upper steel fixture
Lower steel fixture
Load
direction

Figure 2-3: Test setup
2.3

Results

To evaluate the performance of the proposed roof connection and to quantify the effects of
using the elastomeric adhesives on the uplift resistances, a total of 30 specimens of six
configurations and five specimens of each configuration were tested, and the results were
evaluated.
The force-displacement curve of each specimen was obtained first using the measured data,
based on which an average curve was generated for each configuration using the computed average
force at a specified displacement versus that displacement value. The characteristic parameters of
the six configurations were then determined using their respective average curve based on the
definitions illustrated in Figure 2-4 and explained next.
The maximum load, Pmax, is defined as the peak load measured from the entire curve. The failure
load, Pfailure, is the last peak load prior to the complete failure (see Figure 2-4). In this paper, Pfailure
and its corresponding displacement, ∆failure, are used to represent the load capacity and the
deformation capacity of the connections, respectively. The areas under the curve prior to the failure
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load gives a measure of the amount of energy dissipation of the connection up to failure (Dias
2015). In addition, initial stiffness and ductility ratio were determined for each configuration
following the illustration in Figure 2-4. While the initial stiffness was determined by fitting a
straight line through the initial linear portion of the force-displacement curve up to the load
corresponding to 40% of the Pmax (ASTM International 2018), the ductility ratio of the connection
was the ratio of ∆failure over the displacement at the proportional yield limit, ∆y (Muñoz et al. 2008).

Figure 2-4: Definition of the characteristic parameters using force-displacement curve
2.3.1 Force-displacement curves
Figure 2-5 shows individual force-displacement curves of the five specimens and the average
curve of the six configurations. A detailed discussion of these curves is provided next for the
reference configurations (N and N-T) and the two groups of tied and untied configurations.
2.3.1.1 Reference configuration
The force-displacement curves of the N and N-T configurations, as shown in Figure 2-5(a) and
Figure 2-5(d), respectively, were used as the reference of the two specimen groups and were
compared to the curves of their counterparts where the adhesives were applied. The N and N-T
curves can be described as curvilinear with a relatively straight-line segment representing the
initial linear elastic behavior under small loads, and then a flatter line segment indicating the plastic
response until failure. After the N-T specimens reached their Pmax of around 3.9 kN (876.8 lbs.),
the average strength reduction in the load was approximately 14% until failure occurred. In
contrast, N specimens typically failed with a Pmax of 1.9 kN (427.1 lbs.), and the displacement at
failure is much lower than that of the N-T specimen.
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Figure 2-5: Force-displacement curves of the six configurations: (a) N; (b) N-PU; (c) N-PE; (d)
N-T; (e) N-T-PU; (f) N-T-PE. (Note: conversion 1in. = 25.4 mm)
The Load Resistance Factor Design (LRFD) design capacities of these two reference
configurations were computed based on the National Design Specification (NDS) (American
Wood Council 2018) and the data from the manufacturer’s catalog (Simpson Strong Ties 2019).
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The calculation procedure is demonstrated in Table 2-3. The design value of the N configuration,
𝑊′𝑁 , was determined to be 0.94 kN (212 lbs.). Compared to the test result of Pmax =1.9 kN (340

lbs.), the safety factor in the NDS is approximately 2. For the N-T configuration, 𝑊′𝑁−𝑇 was
estimated by adding the design capacities of the N configuration 𝑊′𝑁 to the hurricane tie 𝑊′𝐻 ,
which resulted in 3.8 kN (872 lbs.). However, the higher load capacities of the N-T specimens
would be expected if the nails used in the construction (see Table 2-1) were the same as those
specified in the catalog (see the footnote in Table 2-3). Therefore, compared to the test result of
3.9 kN (877 lbs.), the safety factor for the N-T configuration is slightly higher than 1 based on the
catalog data and the NDS method.
Table 2-3: LRFD design capacities for N and N-T configurations
2
𝑊′𝑁 = 𝜙(1800𝐺 2 𝐷)𝐿𝐶𝑡𝑛 𝐾𝑓 𝐶𝑀
𝐶𝑡 𝐶𝑒𝑔 𝜆 = 0.94 kN (212 lbs. )
′
′
′
𝑊 𝑁−𝑇 = 𝑊 𝑁 + 𝑊′𝐻 = 3.8 kN (872 lbs. )
Parameters definition
𝑊𝐻 : LRFD design capacity of hurricane tie H 2.5A
Φ: resistance factor
G: specific gravity of the wood
D: nail shank diameter
L: nails total penetration length
Ctn: toe-nail factor
Kf: format conversion factor
CM, Ct, Ceg & : wet service, temperature, grain & time effect factors
* Based on being fastened using (5) 3.3 mm × 63.5 mm (0.131 in.× 2.5
plates and rafter (Simpson Strong Ties 2019)

Value
2.9 kN (660 lbs.)
0.65
0.5 for Douglas Fir
2.9 mm (0.113 in.)
73.2 mm (2.88 in.)
0.67
3.32
1
in.) nails to both top

2.3.1.2 Untied configuration
The force-displacement curves of untied configurations with polyether and polyurethane
adhesives are shown in Figure 2-5(b-c), respectively. The force-displacement behavior of the NPU specimens showed several drops in the load due to the wood failure observed during the test.
Its corresponding average force-displacement curve appears to be erratic, with a steep load
reduction of 200% follow its Pmax, which indicates that the N-PU specimens failed in a brittle
manner (see Figure 2-5(b)).
In contrast, the N-PE configuration held a Pmax of 8.9 kN (2,000 lbs.) without noticeable sudden
load drop (see Figure 2-5(c)). However, once the specimen reached its Pmax, the load started to
16

reduce gradually until the two parts of the connection (i.e., rafter and double top plates) were
completely separated. This configuration failed in a relative ductile manner under visible
deformations beyond the yield limit with no sudden load reduction.
2.3.1.3 Tied configuration
The force-displacement curves of the tied configurations with polyether and polyurethane
adhesives are shown in Figure 2-5(e-f), respectively. Unlike the N-T-PU specimens, whose peak
loads exclusively occur at the apexes of the force-displacement curves (see Figure 2-5(e)) with an
average Pmax of 9.1kN (2,046 lbs.) and corresponding displacement of 3.8 mm (0.15 in.), the N-TPE specimens showed larger plateaus where they maintained to carry the loads close to the Pmax
over a wide displacement range. The average Pmax is 9.9kN (2,225 lbs.) with a corresponding
displacement of about 12.2 mm (0.48 in.), as shown in Figure 2-5(f).
2.3.1.4 Average force-displacement curves
For easy comparison of all the six configurations, the average force-displacement curves were
plotted in the same figure (see Figure 2-6).
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Figure 2-6: Average force-displacement curves (Note: conversion 1in. = 25.4 mm)
The average curve of the configurations of the polyurethane adhesive (i.e., N-PU and N-T-PU)
shows that the connection experienced multiple drops in the load and then increased. This behavior
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is related to the shear strength of the polyurethane that is 70% higher than that of the polyether
(see Table 2-1), which provides higher bond strength that exceeded the wood strength. Once the
wood fiber breaks, the load capacity suddenly drops. Meanwhile, the remaining intact wood and/or
the hurricane tie began to take more load, providing additional strength to the connection. The
failure modes of these configurations discussed in the next section will provide further explanation
on the load drops in these curves seen in Figure 2-6.
In general, adding adhesives significantly increased the load capacities and reduced the
deformation under the same level of the load when compared to the reference specimens, as can
be seen in Figure 2-6. Taking the tied group as an example, under the load level of 2 kN (455lbs.),
the deformation of the connections with adhesives (i.e., N-T-PE and N-T-PU) is approximately
1/10th of the deformation of the N-T configuration. Similar observations can be made on the untied
group. This reduced deformation induced by the application of adhesives is desirable in light-frame
wood construction where smaller openings lead to less water and air intrusions, thus reduce
damage loss.
On the other hand, the addition of hurricane ties allowed an increase in both the load capacities
and deformation capacities compared to the untied configurations. Increased deformations under
higher loads for the tied group indicates that a significant amount of energy dissipation was
achieved. A quantitative analysis of the characteristic parameters that were determined based on
these average curves is provided later to facilitate the comparison further.
2.3.2 Failure modes
The failure behavior of the tested specimens is presented to provide interpretations of the
specimens’ capacities and to identify the primary impacts. The typical failure mode of the N and
N-T configurations is nails pulling out either from the top plate or the rafter (see Figure 2-7(a-b)).
For the N-T specimens, the hurricane ties usually experienced minimum bent at failure. No visible
deformation in the ties represents that the connection construction did not fully engage their
strengths, as shown in Figure 2-7(b).
For connections with the adhesives, the connection experienced either cohesive failure or
wood failure depending on the relative strength of the wood and the adhesives. When the adhesion
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to the substrate provided by the adhesive was stronger than the adhesive shear strength itself but
less than the wood strength, cohesive failure would occur, which is the failure that occurred in the
bulk layer of the adhesive. This type of failure was observed in the configurations with polyether,
as shown in Figure 2-8(a).

N Specimen
(a)

N-T Specimen
(b)

Figure 2-7: Failure modes of nails: (a) pulling out from top plate; (b) pulling out from rafter
On the other hand, when both the adhesion to the wood substrate and the adhesive strength
within itself are stronger than the wood strength, the failure would occur in the wood fiber in a
brittle manner. Such failure would result in either a rafter splitting or top plate tearing (see Figure
2-8(b-c)), and it is predominant in the specimens using the polyurethane adhesive because of its
higher bonding and shear strength compared to the polyether (see Table 2-1). The load capacity
of the configurations using polyurethane, therefore, became a function of the tensile strength of
the wood.

N-PE

N-PU

N-PU
(a)

(b)

(c)

Figure 2-8: Failure modes in configurations using adhesives: (a) cohesive failure in N-PE; (b)
rafter splitting in N-PU; (c) top plate fibers tearing in N-PU
2.3.3 Characteristic parameters
Following the definitions of the characteristic parameters presented earlier, load and
deformation capacities, energy dissipation, ductility ratio, and initial stiffness of each
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configuration were determined and summarized in Table 2-4. In addition, the coefficients of
variation (COV) of the load capacities are also included as a consistency index of each
configuration. Please note that the Pmax coincided with Pfailure for all the configurations except for
the N-T-PU (see Figure 2-6). Therefore, ∆failure is equal to ∆max for all configurations except for the
N-T-PU as well, whose ∆failure is relatively larger as listed in the table.
Table 2-4: Characteristic parameters of the six specimen configurations
Conf.
index
N

Load capacity COV Deformation capacity
Energy
Initial stiffness**
Ductility
(Pfailure)
load
(∆failure)
dissipation
kN/mm
ratio*
kN (lbs.)
mm (in.)
kN.mm (lbs.in.)
(kips/in.)
1.9 (430)
0.07
5.1 (0.2)
4.1 (36)
4.6
0.6 (3.4)

N-PU

7.0 (1,574)

0.29

7.4 (0.29)

31.1 (275)

1.5

1.6 (8.6)

N-PE

8.9 (2,000)

0.11

4.7 (0.19)

25.8 (228)

9.0

3.2 (18.3)

N-T

3.9 (877)

0.08

16.2 (0.64)

42.0 (372)

4.5

0.7 (4.0)

N-T-PU

8.1 (1,820)

0.17

14.8 (0.58)

98.9 (875)

3.7

3.8 (21.7)

N-T-PE

9.9 (2,226)

0.09

12.2 (0.48)

91.4 (809)

12.1

2.8 (16.0)

*

𝐷𝑢𝑐𝑡𝑖𝑙𝑖𝑡𝑦 𝑟𝑎𝑡𝑖𝑜 =

∆𝑓𝑎𝑖𝑙𝑢𝑟𝑒
∆𝑦𝑖𝑒𝑙𝑑

**

0.4𝑃𝑚𝑎𝑥

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑡𝑖𝑓𝑓𝑛𝑒𝑠𝑠 = ∆

0.4𝑃𝑚𝑎𝑥

As can be seen from the load capacity results, the addition of polyurethane and polyether
allowed both the untied and tied configurations to withstand higher load capacity leading to
dissipate a considerable amount of energy when compared to their counterparts (i.e., those
specimens without adhesives). Relatively small COV values (i.e., ≤ 0.08) of the failure load are
observed for the N and N-T specimens, which can be explained by the simple load resistance
mechanism of these configurations with a sole contribution from the ring shank nails through
friction. In contrast, increased variability (i.e., 0.09 ≤ COV ≤ 0.29) was observed for specimens
with adhesives, which might be attributed to the more factors that affected the load capacity, such
as variations in wood grains, the thickness of the adhesive layer, and the failure modes.
The energy dissipation and ductility ratio values provide some insight into the failure modes of
the connections. The N-PU and N-T-PU configurations failed at a larger displacement of 7.4 mm
(0.29 in.) and 14.8 mm (0.58 in.), respectively, compared to the N-PE and N-T-PE configurations
of 4.7 mm (0.19 in.) and 12.2 mm (0.48 in.), respectively. Therefore, applying polyurethane
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adhesive in these configurations led to dissipate a higher amount of energy. However, the lower
ductility ratio of this configuration indicates that due to the wood failure mode, a large
displacement occurred prior to the proportional yield limit, as opposed to the polyether
configuration with a cohesive failure (i.e., the failure occurred in the adhesive layer). In fact, it
can be seen from Table 2-4 that the ductility ratios of both tied and untied configurations with
polyether are higher than those of their respective reference specimens, while the polyurethane
adhesive decreased the ductility ratios in the connection. Due to the addition of hurricane ties, the
tied specimens showed more ductility and capacities in load and deformation compared to their
counterparts without ties. The initial stiffness values in Table 2-4 show that the connections with
the adhesives were generally three to five times stiffer than the counterpart connections without
adhesives.
For easy comparisons, bar charts showing the multiplication factors of the load capacity and
energy dissipation of the configurations with adhesives relative to those of their counterpart
configurations are presented in Figure 2-9(a) and (c). The results of adding adhesives to the N
specimens show that the polyurethane increased the load capacity by about 3.6 times and the
polyether by about 4.6 times. As for the addition of the adhesives to the N-T specimens, the load
capacity generally doubled. Dissipating energy increased six to seven times for the N-PU and NPE specimens compared to the N specimens, while these values doubled in the tied specimens with
adhesives compared to those without adhesives.
When adding hurricane ties, the load capacity increased approximately twice while the energy
dissipation increased about ten times compared to the nail only configuration (see the left-sidebar
Figure 2-9(b) and (d)). The large increase in energy dissipation is mainly resulted from the
significantly increased deformation capacities due to the introduction of the ties, which can be seen
from Table 2-4. Similar observations were also made in the many kinds of literature that
investigated the connections’ behavior using metal connectors and nails.
The potential of replacing hurricane ties in the rafter-to-top plates connections with adhesives
as an alternative was also explored by comparing the load capacity and energy dissipation of the
N-PE and N-PU specimens with the N-T specimens as shown in the right two bars in Figure 2-9(b)
and (d). This replacement approximately increased the uplift capacity twice but decreased the
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dissipation energy by 30~40% due to the reduced displacements at the failure loads. However, the
large deformation capacities of the N-T connections were accompanied by a large gap between the
rafter and the top plate at failure. The resulting openings would allow more wind flows through
that increase the internal pressure and intensify the uplift loading on connections and other
components (Simiu, E. and Scanlan 1996).
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Figure 2-9: Multiplication factors: (a-b) load capacity; (c-d) energy dissipation
Conclusion
A new roof-to-wall connection utilizing elastomeric adhesives was proposed to provide an
affordable, efficient, and nonintrusive solution for light-frame wood construction. A total of 30
rafter-to-top plates specimens representing six configurations were fabricated, and their
performance to resist the uplift wind load was evaluated through monotonic uplift experiments.
The force-displacement curve of each specimen was obtained, and the characteristic parameters
were calculated based on the average curve of the six configurations. In addition, failure modes
were inspected to provide reasonable explanations of the capacities of each configuration. Test
results show that the connections with adhesives increased uplift load capacity by 200~460%,
increased energy dissipation by 200~750%, and increased initial stiffness by 300~500% compared
to the reference specimens without adhesives. The ductility of connections was improved by the
application of polyether as opposed to the polyurethane. Replacing hurricane ties in the
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connections with the adhesives approximately doubled the load capacities and reduced the energy
dissipation and deformation capacity.
Besides increasing load capacities, applying adhesives to roof connections shows a
considerable reduction in the deformation under the same load level, which minimizes the adverse
effects associated with water and air intrusion into buildings. The variations in the uplift capacities
and failure behaviors using the two adhesives indicate that the roof connections may be designed
to achieve certain performance based on the selection of adhesives. However, before being widely
adopted, further research is needed to evaluate its fatigue strength, durability behavior, and
applicability conditions on the proposed roof connection construction method using adhesives.
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CHAPTER 3 FATIGUE PERFORMANCE OF WOOD FRAME ROOF-TO-WALL
CONNECTIONS WITH ELASTOMERIC ADHESIVES UNDER UPLIFT CYCLIC
LOADING
Abstract
Roof-to-wall-connection (RTWC) is critical in the loading path of wood-frame residential
buildings, whose fatigue performance under varying wind loading is investigated in this paper. To
get an insight on the wind-induced fatigue behavior at low to moderate wind speeds and to
demonstrate the effects of adhesives on the RTWC fatigue performance, two types of fatigue
experiments, namely the constant amplitude loading and the varying amplitude loading tests, were
conducted on three RTWC configurations with and without elastomeric construction adhesives.
Based on the results from the constant amplitude loading tests, fatigue life prediction models were
developed, and the reduction in the static load capacity due to cyclic loadings were estimated.
Adhesives are shown to increase the endurance limit of the RTWCs, which is desirable to enhance
the life-cycle performance of wood buildings. The varying amplitude loading test results indicate
that buildings in non-hurricane regions are vulnerable to fatigue damage as a typical design wind
speed may induce loadings above the endurance limit of the RTWCs. On the other hand, the linear
Miner’s cumulative fatigue damage model can be reasonably used to predict fatigue damage of the
RTWCs when subject to multi-amplitude wind loadings. Toenailed connections generally fail in a
less ductile manner at a certain number of load cycles with no warnings as opposed to the
connections with adhesives that fail in a more ductile manner. The testing results presented herein
provide essential data on the hysteresis behavior and failure modes of RTWCs to facilitate future
implementation of adhesives in wood constructions.
3.1

Introduction

Roof-to-wall connections (RTWCs) and roof sheathing in residential wood-frame buildings
having significant influences on the roof performance under wind loads. The critical role of these
connections was also revealed from many post-hurricane/storm damage surveys (e.g., (Amini and
van de Lindt 2014; van de Lindt et al. 2007; Morrison et al. 2014)). Not only will roof failure
endanger occupants of the houses, it also led to water intrusion, resulting in significant subsequent
damage to household items inside, such as furniture and appliances.
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An experiment conducted by the Insurance for Business & Home Safety (IBHS) (2015) on a
full-scale house under the impact of open wind turbines shows that the roof failure initiated at the
rafter- to-top plate connections due to inadequacy in resisting and transferring loads. Toenails are
the most common fasteners used in RTWC in North America, and significant roof structure failures
were due to the failure of these conventional connections, among which many were observed at
wind speeds below the design level (FEMA 2005, 2010b; FEMA 548 2006). The
underperformance of the roof connection can mainly attribute to the improper selection and
application of construction materials (i.e., fasteners, wood framing, and sheathing) or strength
degradation due to aging and long-term service within the intended life span (Henderson et al.
2013).
The capacity of toenail connections to uplift loads has been the subject of many studies. For
example, (Alldredge et al. 2012; Canbek et al. 2011; Canfield et al. 1991; Cheng 2004; Conner et
al. 1987; Edmonson et al. 2012; Michael and Sadek 2003; Reed et al. 1997; Turner et al. 2009)
examined various connection strengthening approaches, such as commercial metal straps and
construction adhesives. Research on the effect of adhesive materials to wood construction has
gained attention. Generally, better performance of structural members (i.e., roof connection,
sheathing) under natural hazardous loading conditions was observed when adhesive materials were
adopted in the construction (Alhawamdeh and Shao 2020). Monotonic loading tests of RTWC
specimens demonstrated that increased uplift resistances were achieved with the application of the
elastomeric adhesives, which may provide an affordable, efficient, and nonintrusive solution for
roof connections in high wind areas.
Monotonic loading tests with a constant displacement rate ranging from 0.25 to 6.35 mm/min
were generally conducted to determine the uplift capacities of RTWC specimens. However,
whether these static tests can realistically reproduce the failure mechanisms of the connections is
questionable, considering that RTWCs are usually subjected to fluctuating wind loads. Therefore,
an attempt was made to investigate the effects of realistic wind loads on the nail withdrawal
performance of RTWC (Morrison and Kopp 2011). It was found out that toenailed RTWCs tend
to fail by incremental damage accumulation caused by severe short duration peaks of the applied
wind load, where the failure occurred later at a load lower than the applied peak load. It can be
concluded that fatigue would accumulate within the connections over the service life under
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generally low to moderate wind speeds because of their frequent occurrence, and this fatigue
behavior requires further study to ensure the integrity of wood-frame structures. The effect of
storm duration on RTWC failure in a wood-frame structure was also numerically investigated
using a combined load sharing/nail-slip model (Guha and Kopp 2014), employing the concept of
“design cyclone” and a validated roof structure model. The analysis results revealed that there is a
substantial increase in the probability of roof failure with increased storm duration.
One way to evaluate the connection’s capacity under long-duration wind load might be through
low cyclic fatigue experiments, which were adopted in several studies to investigate the fatigue
damage of metal roof claddings. Fatigue testing program of mechanical fixation elements of roofed
low-rise structures was developed based on the design wind pressure (Gerhardt and Kramer 1986),
during which wind cycles of certain wind speed was estimated considering the cumulative
probability distribution of the 50-year return period. Fatigue performance of light gauge roofing
was evaluated based on the cycles to fatigue failure versus loading levels, which were determined
using the wind loading spectrum of a design wind event (Mahendran 1990). Another procedure
for estimating the wind-induced fatigue damage of roof claddings was developed in (Jancauskas
et al. 1994; Xu 1997), during which a rainflow count method was employed to determine the
fatigue loading from a measured cyclone wind load history based on a wind tunnel testing of a
model house. The S-N curve, where S represents the stress amplitude, and N is the number of cycles
until failure, was used to estimate the fatigue damage in conjunction with Miner’s rule.
It shall be pointed out that damage accumulation mechanism in low cycle fatigue for metal roof
claddings is different from those of nailed connections in wood-framed buildings (Guha and Kopp
2014). Understanding whether the fluctuating wind loading of longer duration and relatively lower
amplitude will induce fatigue failure is critical for wind resistance performance evaluation of
RTWCs, especially, in non-hurricane regions where toenails still dominate the wood frame
constructions. These regions are exposed to winds with low to moderate speeds all year-long,
where the damage is not expected due to overloading (Tom Smith 2017). Therefore, the objectives
of this paper are twofold: (i) to estimate the wind-induced fatigue damage of standard toenailed
RTWCs (ii) to evaluate wind-induced fatigue mitigation performance of the proposed
strengthening method using elastomeric adhesives.
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3.2

Methodology

Estimating wind-induced fatigue damage in RTWC requires knowledge of fatigue analysis
concepts. This section first presents the predefined wind-force time history adopted in this study.
Then the rainflow count method for developing the fatigue loading protocol (i.e., the varying
amplitude loading protocol), the development of S-N curves, and Miner’s rule for predicting
fatigue life are introduced. A flowchart illustrating the fatigue analysis method adopted in this
study is provided in Figure 3-6 at the end of this section.
3.2.1 Realistic wind-force time history
The real wind loading’s effects on buildings vary not only based on the mean wind speed but
also the geometry of the building, its location, exposure, and topography. Therefore, there is almost
an endless number of realistic wind-load time histories for numerical simulations and experimental
investigations. This study adopts a realistic, fluctuating roof wind pressure measured from a wind
tunnel experiment of a 1/50 scale model house with 52 RTWCs (Kopp et al. 2010), shown in
Figure 3-1. Specifically, the RTWC with the largest peak magnitude of the force coefficient (Cf)
in the time history was chosen, and a representative portion of that time history was selected
(MORRISON and J. 2010). The full-scale force was obtained using:

F (t ) = 0.5V 2Cf (t ) A

Eq. (1)

where F(t) is the full-scale force-time history, ρ is the density of air, V is the hourly mean wind

Force (kN)

speed at roof height, and A is the geometric tributary area of the corresponding RTWC.
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Figure 3-1: Realistic wind force-time history for all scaling wind speeds (MORRISON and J. 2010)
27

The wind loads were gradually increased by a wind speed of 5 m/s at a time for the same Cf;
therefore, the same number of peaks were generated at each wind speed level (see Figure 3-1).
Note that complying with the scaling law shown in Eq. 2 (MORRISON and J. 2010), the time
duration of the wind load decreases as the scaling wind speed increases.

(VT / L )Model −scale = (VT / L )Full −scale

Eq. (2)

where T is the total duration of the wind time history, V is the scaling wind speed, and L is the
length scale. Table 3-1 lists the wind-force history duration and the maximum force at each scaling
wind speed shown in Figure 3-1. This force-time history was then analyzed to develop the windinduced fatigue loading that could cause premature failure, as discussed next.
Table 3-1: Summary of wind speeds, corresponding time duration, and maximum force
Scaling wind speed, V (m/s)
20
25
30
35
40

Time duration, T (s)
900
720
600
514
450

Maximum force (kN)
1.35
2.35
3.52
4.86
6.37

3.2.2 Rainflow count method
As a first step in estimating wind-induced fatigue damage, a cycle counting analysis is
necessary to convert the irregular variations of wind loading cycles into a set of simple reversals.
Then Miner’s rule, which is introduced later, can be employed to assess fatigue damage
accumulation. While there are many cycle counting methods described in the ASTM E1049-85
(ASTM 2017), the rainflow count method is considered as a standard procedure to predict the
wind-induced cyclic load on roofs (Murty 2010) and is being widely used. Therefore, the rainflow
count method was adopted herein to determine the number of occurrences of a specific mean and
range loads. In executing the rainflow cycle counting, a cycle is identified if it meets the criterion
illustrated in Figure 3-2. For a peak-valley-peak or a valley-peak-valley combination consisting of
three loading points Px-Py -Pz, if the second range, ∆Pyz, is greater than or equal to the first load
range, ∆Pxy, the cycle of the first load range (i.e., ∆Pxy and the three points x-y-x’) is counted. The
mean value of this cycle (Pm) is the average of Px and Py. These two points forming the cycle are
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discarded, and the cycle counting is repeated starting from Pz and its following two consecutive
points (i.e., Pz becomes Px point in the next cycle counting). The counting continues until all the
load points are consumed. More details on this method, including an example, can be found in
ASTM E1049-85 (ASTM 2017).

Figure 3-2: Criterion for counting a cycle following the rainflow count rule (Dowling 2012)
In this study, the wind force-time history shown in Figure 3-1. was analyzed utilizing the
rainflow cycle count method, during which each loading cycle is sorted according to its mean and
range values. Figure 3-3 shows the distribution of the counted cycles with the corresponding mean
and load ranges. The load ranges are distributed between1.3×10-6 kN to 6.37kN, with 98% of the
load ranges less than 0.048 kN while the mean loads are distributed more evenly compared to the
load range with a maximum and minimum value of 6.18 kN and 2.6×10-5 kN, respectively.
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Figure 3-3: Total load cycle distribution from the rainflow count method
3.2.3 S-N curve and Miner’s Rule
Continuous cyclic loading causes engineering materials and components to fail at a load level
lower than its inherent strength. This lower level of load can be predicted using an S-N curve that
relates the number of load cycles at the failure to a corresponding load level. The S-N curve is
usually established following a stress-based fatigue approach, in which specimens are subjected to
constant amplitude cyclic loading with different load ranges (Dowling 2012). In this study, the
constant amplitude uplift wind loading cycles (F) were used to develop the curve as a substitute
for the stress (S), as illustrated in Figure 3-4. The load varies between a maximum Fmax and a
minimum Fmin with a mean value of Fm= (Fmax + Fmin)/2. The load range ∆F is defined as │Fmax Fmin│, while the amplitude Fa equals to half of the load range (∆F/2). Therefore, for the cyclic
uplift loading adopted in this study where Fmin equals zero, Fa= Fmax/2.
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Figure 3-4: Constant amplitude loading cycles and the associated nomenclature
Based on the predefined load amplitudes (Fa) and its cyclic loading protocols, constant
amplitude loading tests are conducted to obtain the number of cycles to failure (Nf), which is also
known as fatigue life. The load amplitudes and the corresponding failure cycles are then plotted
on a logarithmic scale to establish the S-N curve according to ASTM E468-18 (International
ASTM 2004). A fatigue load- life model is therefore developed using regression analysis, which
is mathematically represented as:
𝐹𝑎 = 𝐴𝑁𝑓𝐵

Eq. (3)

where A and B are the fitting constants estimated from the regression analysis.
A typical S-N curve follows a slope that intersects with the load axis at the static load capacity
(FS), as shown in Figure 3-5. As the loading amplitude decreases, fatigue life increases and
eventually reaches a fatigue limit or an endurance limit. The fatigue limit is defined as the load
level below which fatigue failure will not occur regardless of the number of load cycles. While the
endurance limit (FE) is the load level at a higher number of cycles, which is considered to be the
upper limit of the number of load cycles that a component might be subjected to during its intended
life span (Mahendran 1990). The determination of the fatigue limit is beyond the current study’s
scope due to the extensive testing requirements on both the testing time and the number of
specimens. Therefore, the endurance limit FE is adopted as an index of fatigue performance of the
RTWC specimens. FE was estimated as the loading amplitude corresponding to Nf of 106 cycles
(see Figure 3-5) based on the S-N curves, which is the approximate upper limit of low cyclic fatigue
life of roofing components, such as RTWC and cladding (Mahendran 1990).
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Figure 3-5: Typical S-N curve (semi-log scale)
Constant amplitude loading protocol, from a zero-minimum load to various maximum loads
representing a percentage of FS, was adopted to develop the S-N curve (see Figure 3-4). To account
for the varying mean loads, the Smith, Watson, and Topper (SWT) approach was used to determine
an equivalent load amplitude, Far, in a fully reversed form with a constant mean load of zero. The
SWT approach, as expressed below, has the benefit of not counting on any material constant
(Dowling 2012).
𝐹𝑎𝑟 = √𝐹max 𝐹𝑎

Eq. (4)

where Fmax is the maximum load, Fa is the load amplitude in the constant loading protocol.
To simulate the wind-induced fatigue loadings on roof connections, varying amplitude loading
tests based on the identified cycles resulted from the rainflow counting were performed. Miner’s
linear cumulative damage model was utilized in previous studies to predict the fatigue damage and
fatigue life of steel roof connections subject to varying amplitude cyclic loading (Mahendran and
Mahaarachchi 2002; Myuran and Mahendran 2019; Xu 1995). In this study, the cumulative fatigue
damage index (DI) is defined based on Miner’s model to quantify the specimen’s fatigue damage
under multiple load amplitudes:
m

m

Nj

j =1

j =1

N fj

DI =  D j =
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Eq. (5)

where Dj is the proportional fatigue damage of the jth loading amplitude (1≤ j ≤ m), and m is
the total number of loading amplitudes. Nj is the number of cycles applied at the jth loading
amplitude, and Nf j is the number of cycles to failure under the constant loading of the jth amplitude.
According to Miner’s rule in Eq. 5, fatigue failure is expected when DI reaches unity, that is when
100% of life is exhausted (Miner 1945).
3.2.4 Procedure for evaluating the fatigue performance of RTWC
The flowchart shown in Figure 3-6 illustrates the fatigue preformation evaluation of the roof
connections employing both the constant and the varying amplitude loading tests. On the left, steps
to develop the S-N curve are demonstrated, including the determination of the endurance limit
based on the constant amplitude loading tests. The mathematical relationship between the applied
load and fatigue life, known as the fatigue load-life model, is then established based on the
regression analysis. On the right, the rainflow count method is used to determine the wind-induced
cyclic load (i.e., the varying amplitude loading protocol) from the wind-force time history. Fatigue
damage of the test specimen of each configuration under the varying amplitude loadings is
quantified using the DI defined in Eq. 5, where Nfj is estimated using the fatigue load-life model
for the Far values resulted from the rainflow cyclic counting analysis, while the number of cycles
applied (Nj) are directly obtained from the varying amplitude loading tests. The hysteresis curves
and displacement behavior are analyzed to provide reasonable explanations for the connections’
fatigue performance and failure modes observed from both tests.

33

Ultimate static capacity

Wind force-time history

(Fs)

Constant amplitude
loading tests

S-N curve

Fatigue load-life
model (Far = AN f B)

Rainflow cyclic count
method

Varying amplitude
loading tests

Failure modes

Loading amplitudes (Far )

Number of cycles
applied (N)

Hysteresis
& Displacement
behaviors

Miner s rule

Endurance limit (FE)

Number of cycles to failure (Nf)

Fatigue damage (DI)
Nj/Nfj)

Figure 3-6: Fatigue performance evaluation using constant and varying amplitude loading tests
3.3

Experimental program

3.3.1 Test specimen
The rafter-to-double top plates connection was selected as the RTWC specimen, and their
fatigue performance was studied. Specimens representing three configurations were fabricated.
Nailed specimens were built first. Either the polyurethane or the polyether adhesive, the two
elastomeric adhesives adopted in this study, was then applied to the RTWC specimens making two
more configurations. Monotonic uplift loading tests were conducted on the three configurations to
determine their respective static load capacity (FS) (Alhawamdeh and Shao 2020), which were
then utilized to develop the fatigue testing program. Table 3-2 summarizes the three specimen
configurations, their indices, and the FS values.
Table 3-2: Configurations index, status, and FS of test specimens
Configuration status

Configuration index

FS (kN)

Nails only

NA

1.9

Nails + polyether

N-PU

7.0

Nails + Polyurethane

N-PE

8.8
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Rather than merely testing the fastener and adhesive in an ideal test specimen configuration,
attention was paid to achieve realistic test specimens that account for as-built conditions in a woodframe structure, as shown in Figure 3-7(a). Therefore, a licensed carpenter was contracted to
prepare the 2 by 6 rafters with a “birdsmouth” notch used to fit on the top plates. Douglas Fir wood
was selected as the material of the test specimens, and the assembly of the connection used the
ring shank nails with a higher withdrawal design capacity (533 N/nail) compare to that of the
typical smooth nails (355 N/nail) specified in the International Building Code (IBC) (International
Code Council (ICC) 2018). The double top plates 2 by 4 were first nailed together using four ring
shank nails and then fastened to the rafter using three-ring shank nails driven by a pneumatic nail
gun (see Figure 3-7(b)). A formwork was used to control the angle and placement of the nails so
that the same nail penetration depth can be obtained (see Figure 3-7(c)). For the toenail connections
with adhesives, toenailing was performed after applying the adhesives, during which a caulk gun
was used to spread the adhesives covering the entire cross-section of the notch with an approximate
thickness of 3 mm.

Rafter
Pilot hole
for nailing

Nails

Adhesive

layer

Pneumati
c nail gun

Top plates

(a)

formwork

(b)

(c)

Figure 3-7: Test specimen and construction: (a) schematic of the test specimen, (b) gun nailing
method, and (c) construction formwork
The ten-day standard curing process was followed before testing the specimens with adhesives.
Photos of the representative specimens are shown in Figure 3-8. Table 3-3 lists the properties of
the materials used in the construction of the test specimens. The shear strength of the two adhesives
used in this study was determined in (Alhawamdeh and Shao 2020) according to the standard lap
shear tests specified in ASTM D2339 (ASTM International 2017b).
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Table 3-3: Properties of test specimens’ construction materials
Wood
Type and grade
Dimensions
Rafter and

38.1 mm ×184.2 mm (1.5 in.× 7.25 in.)

Douglas Fir No. 2

Top plates

38.1 mm × 88.9 mm (1.5 in. × 3.5 in.)

Fasteners

Description

Ring shank nails

Paper tap offset round head 2.9 mm × 60.3 mm (.113 in.× 2-3/8 in.)

Adhesive

Shear strength

Service temperature

Polyurethane

4.94 MPa (717 psi)

-17.8 °C (0 °F) to -71.1 °C (160 °F)

Polyether

2.88 MPa (418 psi)

-23.3 °C (- 40 °F) to -93.3 °C (200 °F)

(a)

Dimensions

(b)

(c)

Figure 3-8: Test specimen configurations: (a) NA; (b) NPE; (c) NPU
3.3.2 Test setup
A rigid steel fixture was designed and fabricated to hold the test specimen in the loading frame
and to transfer the uplift loads (see Figure 3-9). The MTS 318.10 testing machine with a capacity
of 100 kN (22.4 kips) was employed to apply the loading. While welding points rigidly fixed the
lower part of the steel fixture, the upper part could swivel freely as a universal joint to minimize
the undesirable effect of loading misalignment. The uplift loading effects were introduced to the
test specimens by imposing the load from the bottom of the test specimen through the lower steel
fixture when keeping the upper steel fixture in place, as shown in Figure 3-9.
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Figure 3-9: Test setup (Alhawamdeh and Shao 2020)
3.3.3 Load protocols
Two loading protocols were developed, namely the constant amplitude and the varying
amplitude loading protocols, as introduced in Section 2.4. The constant amplitude loading (see
Figure 3-4) ranges from a minimum of zero force to a maximum of a percentage of FS, as listed in
the second column of Table 3-4 in the next section.
The varying amplitude loading protocol was developed based on the rainflow cycle counting
method, which consists of a sequence of loading cycles extracted from the wind force-time history
with a maximum force less than FS of each configuration. Correspondingly, the wind force-time
histories (see Figure 3-1) up to a wind speed of 20m/s and 40m/s was utilized for the NA and the
NPU/ NPE configurations, respectively, based on Table 3-1 and Table 3-2. The loading cycles
below a cut-off amplitude in the force-time history were excluded due to the minimal damage they
could cause to the test specimen. And this cut-off amplitude was determined based on the
specimen’s respective endurance limit FE. Accordingly, the varying amplitude loading protocol
for NPU configuration contains more load cycles than the NPE configuration due to its lower FE
value (i.e., lower cut-off amplitude leading to a greater number of cycles included). The resulting
varying amplitude loading protocols are shown in Figure 3-10, which were repeatedly applied to
the test specimens until failure.
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Figure 3-10: Varying amplitude loading protocol applied to the configurations NA, NPU, and NPE
In this study, all the tests were force-controlled, aiming to replicate the mechanical responses
of roof connections under wind loads until they failed in fatigue. Both loading protocols adopted
a cyclic uplift loading with a sinusoidal waveform at a frequency of 1.0 Hz. Synchronized data of
applied forces, displacement responses, and elapsed times were recorded at a rate of 100 Hz. All
the tests were discontinued under two conditions: 1) test specimens’ failure and the numbers of
cycles to failure were recorded; 2) reaching the Run-out number of cycles (i.e., 250,000), which is
explained later.
3.4

Results

3.4.1 S-N curved based on constant amplitude loading results
The applied constant amplitude loading and the corresponding cycles to failure Nf are listed in
Table 3-4. The constant amplitudes were converted into equivalent reversed load amplitudes using
the SWT relationship, as discussed in Section 2.3, so the S-N curves can be developed based on
the testing results.
As listed in Table 3-4, only one load amplitude was tested for each of the three configurations
that did not fail the specimen at 250,000 cycles. However, such load amplitude cannot exclude
other higher or lower loading values being the fatigue limit as failure might occur if more loading
cycles were tested. Therefore, it was decided that the endurance limit instead of the fatigue limit
to be determined as an index of the fatigue performance of connections, as explained earlier in
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Section 2.3. The number of Run-out at 250,000 cycles was based on the limitations of a practical
testing program with a limited amount of access to the shared loading equipment and the duration
of each test (i.e., approximately 70 hours to complete 250,000 cycles). However, the loading point
corresponding to the Run-out cycles was not utilized in developing the fatigue load-life models
since the specimens did not reach failure at the Run-out cycles. The S-N curves of the three
configurations were then plotted on a semi-log scale, as shown in Figure 3-11(a). The squared
correlation coefficients (R2) of the regression lines range between 0.91-0.98 for the tested
configurations, indicating that the regression equations match very well with the test results.
Table 3-4: Constant amplitude loading tests results
Loadings

Results

Min-Max Min-Max, Load amplitude Number of
Fatigue load-life
Endurance
(%Fs)
kN
(Far), kN
cycles to failure
model
limit (FE ), kN
(Nf)
Run-out
0-40
0-0.76
0.54
(250,000)
𝐹𝑎𝑟 =
0-50
0-0.95
0.67
92,300
NA
3.328𝑁𝑓 −0.140
0-71
0-1.35
0.95
8,900
0.48
0-79
0-1.50
1.06
3,009
0-90
0-1.70
1.20
1,536

NPU

NPE

0-40

0-1.96

1.39

0-51
0-61
0-71
0-80
0-90

0-3.60
0-4.30
0-5.00
0-5.6
0-6.3

2.55
3.04
3.54
3.96
4.45

0-40

0-3.52

2.47

0-45
0-50
0-70
0-80
0-91

0-4.00
0-4.40
0-6.20
0-7.00
0-8.00

2.83
3.11
4.38
4.95
5.66

Run-out
(250,000)
110,661
9,700
6,800
3,236
1,950
Run-out
(250,000)
148,000
11,377
1,220
740
58

𝐹𝑎𝑟 =
13.116𝑁𝑓 −0.147

1.72

𝐹𝑎𝑟 =
8.811𝑁𝑓 −0.105

2.10

The comparison in Figure 3-11(a) shows that at lower load amplitudes (i.e., less than 3 kN), the
NPE specimens have a longer fatigue life than that of the NPU specimens. While, under higher
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load amplitudes (i.e., more than 3 kN), the polyurethane adhesive (i.e., NPU specimen) is more
effective in expanding the fatigue life than the polyether adhesive. The S-N curves of NA and NPU
configurations show a comparable slope in Figure 11(a). These similar slopes reflect the same
trend of the fatigue life of the two configurations, however, at different load levels, with the load
levels of the adhesive connections being approximately three times higher than that of the NA
configuration at the same Nf. The endurance limit FE was computed based on the fatigue load-life
model equations, as illustrated in Figure 3-5 and listed in Table 3-4. The configurations with
adhesives show a 250~330% increase in the FE compared to the NA configuration. The Fmax of the
corresponding FE for the three configurations was found to be about 35% of their respective FS,
which is comparable (i.e., approximately 5% increase) to the results of flexural fatigue cyclic tests
of wood products incorporated with wax and resin (Smith et al. 2003).
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Figure 3-11: Constant amplitude loading tests results: (a) S-N curves on a semi-log scale; (b) Load
reduction factor (R) versus cycles to failure (Nf) on a linear-linear scale
Although adding more nails to RTWC generally increases its static capacity, it may not
necessarily increase FE and Nf values proportionally. The fatigue behavior is more complicated
and dependent on many factors, such as stress concentration (Dowling 2012). Besides,
construction codes, such as the IBC (International Code Council (ICC) 2018), generally are strict
on using extra nails over the specified fastening schedule, which may result in reduced net sectional
area of the substrate, increased stress intensity, and then lower the split capacity. Therefore, adding
adhesives to RTWCs provides an effective means to increase their endurance limits, which has the
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potential to further impact on the fatigue performance of wood residential buildings considering
the critical role of RTWC in resisting cyclic wind uplift loading during its intended life cycle.
In addition to the fatigue load-life models shown in Figure 3-11(a), the results from the constant
amplitude loading tests were further utilized to determine the reduction in static capacity caused
by the cyclic loadings. Figure 3-11(b) depicts the relationship between the load reduction factor
(R) (i.e., cyclic load amplitude/static load capacity) and Nf of the RTWC specimens. The R factor
ranges from 0.35 to 0.45 when loading cycles on the RTWCs exceed 250,000. In addition, the
fitted equations were developed and are listed in the figure. These simple equations can be used
by the designers to predict the reduction in the static capacity of an RTWC at a given number of
cycles. In the absence of standard provisions for such prediction, these R factors can provide
conservative design solutions by accounting for the potential reduction to the static design capacity
under one or multiple wind loading levels based on fatigue damaging models such as Miner’s rule.
3.4.2 Varying amplitude loading tests
3.4.2.1 Fatigue damage
Table 3-5 summarizes the results obtained from the varying amplitude loading tests, including
the calculation of the cumulative fatigue damage index (DI) of the three specimens. The varying
amplitude loadings are listed in the second column, after being converted into Far using the SWT.
The corresponding number of cycles applied (N) of each specimen at failure are listed in the fourth
column. Noting that half-cycles were counted for some loading amplitudes, as shown in Figure
3-10, and their corresponding N values are half of the others. Although the loading amplitudes
were different for each specimen, they were normalized based on the FE of the specimens, as
discussed in Section 3.3. The NPE specimen showed a relatively longer fatigue life of 955
repetitions (i.e., cycles of the total varying amplitude loading protocol) compared to the NPU
specimen with a life of 876 repetitions. No direct comparison of fatigue life can be made between
the NA and the NPE/NPU specimens because the maximum wind speed tested for these two
specimens was 40 m/s and was only 20 m/s for the NA specimen. The number of cycles to failure
(Nf), listed in the fifth column of Table 3-5, were either directly obtained from the constant
amplitude loading testing results listed in Table 3-4, (e.g., Nf = 8,900 cycles when Far = 0.95 kN
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for the NA specimen), or computed using the fatigue load- life models (see Figure 3-11(b) and
also listed in Table 3-4).
Table 3-5: Cumulative fatigue damage of NA, NPE, and NPU specimens
Wind speed of
Number of
Number of
Load amplitude
Conf.
force-time
cycles
cycles to
kN
history
applied
failure
(Far)
(N)
(Nf)
NA

0.64
0.66
0.67
0.95

NPE

2.93
3.06
3.2
3.48
4.16
4.51

NPU

2.31
2.34
2.44
2.46
2.48
2.52
2.55
2.58
2.59
2.6
2.65
2.68
2.77
2.78
2.78
2.91
2.93
3.06
3.2
3.48
4.16
4.51

Cumulative
fatigue
damage
(DI)

20 m/s

6270
6270
6270
6270

130110
104437
92300
8900

0.0482
0.0601
0.068
0.7045
∑= 0.8808

30 ~ 40m/s

955
955
955
955
478
478

35917
23754
15514
6979
1276
591

0.0266
0.0403
0.0616
0.1369
0.3747
0.8088
∑= 1.4489

30 ~ 40m/s

876
876
876
876
438
876
876
876
438
876
876
876
876
876
876
876
876
876
876
876
438
438

135065
123714
93065
88038
83320
74727
110661
63674
62020
60415
53073
49160
39267
38316
38316
28078
26800
19947
14713
8316
2470
1426

0.0065
0.0071
0.0095
0.01
0.0053
0.0118
0.008
0.0138
0.0071
0.0145
0.0166
0.0179
0.0224
0.0229
0.0229
0.0312
0.0327
0.044
0.0596
0.1054
0.1774
0.3072
∑= 0.9538
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The DI of each specimen under the varying amplitude loading was then computed using Miner’s
rule, i.e., DI= ∑(N/Nf ), as listed in the last column. As mentioned previously, Miner’s rule is a
linear fatigue damage model. Ideally, DI equals 1 when 100% of the specimen’s life is exhausted
due to the fatigue damage. DI being greater or less than 1 represents an overestimating or
underestimating of the fatigue damage. As can be seen from Table 3-5, DIs of the NA and NPU
specimens are 0.88 and 0.95, respectively, indicating that Miner’s rule slightly underestimates their
fatigue damage. In contrast, there is an overestimation of the fatigue damage of the NPE specimen
with a DI value of 1.45.
The DIs being relatively close to 1 of all three specimens prove that the linear damage model
(i.e., Miner's rule) can be reasonably used to predict the fatigue damage of the roof connections
under a wind event (e.g., storm) with varying amplitude loadings if the underestimation and
overestimation seen from the test results are accounted for. It is also worth noting that the
magnitude of loading amplitude is the dominant factor causing the most considerable fatigue
damage when compared to the number of cycles as the other factor. Take the NPE specimen as an
example, at Far = 4.16 kN and N = 478 cycles, DI was computed as 0.3747. Whereas, at Far =
2.93kN and N = 955 cycles, DI was only 0.0266.
Table 3-5 also shows that the force-time history corresponding to a wind speed of 20m/s has
peak loadings above the endurance limit (0.48 kN) of the NA configuration. Comparatively, for
the NPE and NPU configurations, whose endurance limits are 2.10 kN and 1.72 kN, respectively,
this wind speed is between 30-40 m/s. These wind speeds (i.e., 20m/s and 30-40 m/s) can be
considered as the minimum wind speeds that generate peak loadings above the endurance limit to
the respective configuration. Therefore, a design wind speed of 40m/s for buildings in nonhurricane regions (Leighton 2012) may induce loads above the endurance limit, causing fatigue
damage in RTWCs, which shall be considered in the structural design of such buildings.
The fatigue performance of building components such as roof connections depends on the
intensity and duration of the wind event, or in other words, the number and amplitude of load
cycles (Tamura and Kareem 2013). Under wind loads, most cycles are of low amplitude, with only
a few cycles with amplitudes are above the endurance limit of roof connections. For example, in
the 900-sec wind force-time history of 20m/s wind speed shown in Figure 3-1, there are about
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10,600 cycles with only 13 cycles having loading amplitudes above FE of the NA configuration.
The intensity and duration of wind events at the design-level need to be assessed for typical
structure components using the regional climatic data (i.e., metrological information).
3.4.2.2 Hysteresis curves and displacement behavior
The hysteresis load-displacement curves of the three configurations, under the varying
amplitude loading defined in Figure 3-10, are shown in Figure 3-12. The hysteretic response of all
three configurations exhibit sliding and stiffness degradation, as indicated in the figure. When the
connection parts (i.e., rafter and top plate) slipped under the load, a horizontal sliding in the
hysteretic curve is observed. During the horizontal sliding, noticeable displacements increase with
no load drop of the current cycle, resulting in considerable energy dissipation during sliding (i.e.,
the area under the hysteresis curve).

Stiffness
degradation
Sliding

(a)

(b)

(c)
Figure 3-12: Hysteresis force-displacement curves: (a) NA, (b) NPU, (c) NPE
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The stiffness degradation is observed when the slopes of hysteretic curves decrease
progressively in each loading cycle. The secant stiffness corresponding to the peak load cycle was
computed and related to the percentage of the number of cycles to failure (%N), as shown in Figure
3-13. As can be seen from the figure, the NPU and the NA specimens have a relatively linear
stiffness degradation throughout most of their loading cycles, while the NPE specimen maintains
a linear degradation up to 70% of its fatigue file and the degradation slightly accelerates after that.
The linear regression analysis was then performed to find the best-fitted lines and their equations,
as shown in Figure 3-13. The slopes of these lines can, therefore, be used to estimate the stiffness
degradation rate of the three configurations. It was found out that the stiffness of the NPE specimen
degrades at a 130% higher rate than the NPU specimen. The NA specimen shows the minimum
stiffness degradation (-0.0006 kN/mm/cycle) among the three configurations and maintains this
rate until the last few failure cycles when a sharp drop in the stiffness occurred.

Figure 3-13: Stiffness degradation
Stiffness degradation can be used as an indicator of the dissipated energy by the area captured
under the hysteresis curves (Concu 2017). Higher stiffness degradation rate generally leads to a
higher amount of energy dissipation. With similar load capacity levels, the NPE specimen
dissipated more energy than that of the NPU specimen due to its higher rate of stiffness
degradation. The NA specimen showed the minimum amount of energy dissipation due to its much
lower static load capacity.
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Displacement responses versus fatigue life percentages are plotted for the three specimens, as
shown in Figure 3-14. The increase in the displacement response (i.e., damage) with the number
of cycles is evident for all the specimens representing the continuous accumulation of fatigue
damages to failure. The displacement responses shown in the figure can be approximately defined
using two phases, where phase I represents most of the fatigue life of the connections, and phase
II involves a rapid increase in the displacement response up to failure. In phase I, the three
specimens showed stable displacement responses of 1.0-1.5 mm. In phase II, the NA specimen
had a shorter fatigue life percentage, which was only 5%. While the adhesives induce more plastic
response of the RTWCs and exhibited 20-30% of their fatigue life in Phase II, also, it can be
observed that when the varying amplitude loading reduced to zero, residual displacements existed
in the NPU specimen, which may be explained by the unrecoverable displacement that occurred
in the wooden parts of the connection.

%N
(a)

%N
(b)

%N
(c)

Figure 3-14: Displacement versus the percentage of the fatigue life to failure (%N) of each test
specimen: (a) NPU, (b) NPE, (c) NA
3.4.3 Failure modes
At the end of each constant and varying amplitude loading test, the failure behavior of the test
specimen was observed to help interpret fatigue performance and hysteresis behavior. Pulling nails
from the top plate was the predominant failure mode in the NA configuration (see Figure 3-15(a)).
Surface friction is the primary mechanism holding the embedded ring shank nails in the
connection, which is, to some extent, a function of the nail diameter and its penetration. Therefore,
the larger the friction surface, the higher the static load capacity and fatigue capacity (i.e., longer
fatigue life). The nails are forced in-between wood fibers, so wood fibers are subjected to
considerable tension and providing resistance to nail pulling out. The failure of the NA
46

configuration under both loading tests occurred suddenly without noticeable warning. This
behavior can be seen from Figure 3-12(a) that when the applied loads overcome the
friction/resistance of the nails due to the cumulative damage, the failure immediately followed
with fewer numbers of cycles compared to the NPU/NPE configurations.
The elastomeric adhesives promoted adhesions in the substrate of the NPU and NPE
configurations. Therefore, depending on the relative strengths of the wood and the adhesives, the
connection might undergo cohesive failure or wood damage. When the adhesion to the substrate
provided by the adhesive was stronger than the shear strength of the adhesive itself but less than
the wood strength, cohesive failure would occur in the bulk layer of the adhesive (see Figure
3-15(b)). This type of failure was observed in the polyether configuration (i.e., NPE). Differently,
when both the adhesion to the wood substrate and the adhesive strength within itself was stronger
than the wood strength, the failure would occur to the wood fibers in a less ductile manner
compared to cohesive failure occurred to NPE configuration. Such failure would split the rafter
(see Figure 3-15(c)), which is dominant in the specimens using the polyurethane adhesive (i.e.,
NPU) because of its higher bonding and shear strength compared to the polyether (see Table 3-3).
Nails-pulling out

Wood failure
Cohesive failure
in adhesive layer

(a)

(b)

(c)

Figure 3-15: Failure modes of tested connections: (a) NA, (b) NPU, (c) NPE
Conclusion
An experimental study was conducted to investigate the wind uplift fatigue performance of
roof-to-wall connections (RTWCs) under both constant amplitude and realistic varying amplitude
loadings. Three configurations of RTWCs, including the toenailed connections (NA configuration)
and the connections with two types of elastomeric construction adhesives (NPU and NPE
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configurations), were tested so the effects of the adhesives on the fatigue behavior of the RTWCs
can be evaluated.
The S-N curves of each configuration are plotted based on the results from the constant
amplitude loading tests, from which a fatigue load-life model was developed using the regression
analysis, and the endurance limits were determined. Test results show that adding adhesives to the
toenailed connections significantly increases the endurance limit by 250~330%. The wind speeds
of 20-40 m/s were determined as the minimum speeds that generate peak loadings above the
endurance limit of the RTWCs, therefore, designing such connections using a wind speed above
these minimum speeds shall consider potential fatigue damage. Equations were derived to predict
the reduction in the static capacity of an RTWC at a given number of cycles. Although the
developed models and equations provide a means to estimate the fatigue life and load capacity
reduction of the RTWC, they cannot be broadly adopted yet due to the limited number of
specimens tested in this study.
Varying amplitude loading protocols were developed based on a realistic wind force-time
history using the rainflow count method, and they were applied to one specimen of each
configuration. The NPE specimen showed a longer fatigue life with 955 repetitions compared to
the NPU specimen with 876 repetitions. The cumulative fatigue damage quantification was
performed using Miner’s rule, and it was found out that it can be reasonably used to predict fatigue
damage of the RTWCs when subject to multi-amplitude wind loadings. The stiffness degradation
was computed based on the hysteretic curves and related to the percentage of fatigue life. The
stiffness of the NPE specimen degraded at a 130% higher rate than the NPU specimen, while the
NA specimen showed the minimum stiffness degradation. Failure behavior of specimens under
constant and varying loading tests is discussed to provide interpretations of the observed fatigue
behavior.
In summary, standard toenailed connections are exposed to fatigue damage at a minimum wind
speed of (20m/s) due to its lower endurance limit and tend to experience sudden failure at a certain
number of load cycles. Adding elastomeric adhesive to the standard connections provides a windinduced fatigue mitigation alternative by increasing the endurance limit and significantly expand
the fatigue life at the same load level or even higher than that applied to standard connections. The
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testing results presented herein provide essential data on the hysteresis behavior and failure modes
of RTWCs that are expected to promote the implementation of adhesives in the wood
constructions. Further tests covering more load ranges are needed to refine the developed models
to be reliably used.
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CHAPTER 4 MODELING EVALUATION OF ELASTOMERIC ADHESIVE EFFECTS
ON LIGHT-FRAME ROOF STRUCTURE UNDER WIND LOADS
Abstract
The objective of this study was to evaluate the effects of adding elastomeric adhesive to roofto-wall connections (RTWCs) at the system level of a light-frame roof structure under extreme
wind loads. A three-dimensional numerical model was developed of a gable roof structure to
capture the nonlinear behavior of RTWCs and, based on that, examine the overall performance of
the roof structure. The modeling method was validated against a three-dimensional numerical
study and using experimental results obtained in this investigation. The validated modeling
method was used to develop two models in the modeling software SAP2000. The first model (NM2) simulates RTWCs as toenailed connections, while the second model (NPE-M2) simulates
RTWCs as adhesive connections. The average force-displacement results experimentally obtained
were used to define the nonlinear behavior of the corresponding connection. Uniform uplift
pressure (50 psf) and ASCE 7-16 design wind pressures were applied to the models, and
comparative evaluation was performed based on the responses. One further model was proposed
(i.e., O-M2) by adopting the scenario of adding adhesive only at the critical connections of the
roof.
Results from applying uniform uplift pressure reveal that stresses acting on roof sheathing are
reduced significantly by (200~400%) in the ridgeline, overhang, and under the peak roof areas.
Also, deformations are distributed longitudinally over the sheathing panels and minimized by
200%. Results from applying ASCE design wind pressures reveal that adding adhesive to roof
connections can significantly increase the estimated critical wind speed on the roof structure up to
category 4 (130-156 mph). Additionally, toenailed connections of a roof wood structure may fail
when wind speed is beyond 95 mph. The result of the O-M2 model shows that adding adhesive to
RTWCs at critical locations of the roof can provide a cost-effective and efficient alternative to
minimize the adverse effects of sheathing deformations.
4.1

Introduction

The underperformance of light-frame buildings is a primary reason for the human and economic
losses during high wind events. The roof-to-wall-connection (RTWC) is a weak link in the wind
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load path. For the necessity to explore new construction materials to mitigate the dangerous effects
on structures to extreme winds, investigations have been conducted (Chapters 2 and 3) to evaluate
experimentally the static and fatigue performance of individual RTWCs using elastomeric
adhesives. Numerical modeling is complementary to understanding the performance of structural
systems. Validated numerical models are necessary to achieve reasonable agreement between
calculated and observed structural behavior and use for more general building design
recommendations.
The structural integrity of wood buildings depends on the performance of the framing systems
and connections between them. Much of the research has focused on specific components within
the structure, such as roof or wall sheathing (Henderson et al. 2013; Sartori and Tomasi 2013), or
toward one particular type of connection, e.g., RTWC (Alhawamdeh and Shao 2020; Michael and
Sadek 2003; Reed et al. 1997). Few works have addressed the structural elements, including
RTWC responses in costly full-size buildings (Asiz et al. 2010). Fortunately, this deficiency can
be overcome using modeling tools, such as advanced structural analysis computer programs that
incorporate system effects directly. Several nonlinear models have been developed to represent
responses of connections and embedded in three-dimensional (3-D) finite element (FE) models of
light-frame wood building, to predict behavior and failure mechanisms at the system level under
wind load scenarios (He et al. 2017). Due to the comparison of toenailed test results under static
and realistic wind load conditions, it was concluded that the mean failure capacity of toenails is
independent of loading rate under both the ramp loads and realistic wind loads (Morrison and Kopp
2011; Rosowsky and Reinhold 1999). This finding indicates that the toenail capacities in the
literature are still valid and can be used in numerical modeling.
A three-dimensional (3-D) numerical model is presented in this chapter to evaluate the effects
of adding elastomeric adhesive to roof-to-wall connections (RTWCs) at the system level of a lightframe roof structure under extreme wind events. The model demonstrates an application of a
connection modeling method that can accurately represent its nonlinear behavior within the roof
structure using the force-displacement relationship of RTWCs presented in the experimental part
(Chapter 2).
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Computer-based fundamental analysis of low-rise buildings is assumed to be accurate and
straightforward (Scoville 2005). The commercial software Structural Analysis Program2000
(SAP2000) is used for numerical modeling. This commercial software package, developed by
Computers and Structures Inc. based in Berkeley, California (Computers and Structures In. CSI
2008), is widely applied in academia and industry. SAP2000 offers the capability of modeling the
nonlinear behavior of connecting two components using the link element feature. The link element
can be defined by the force-displacement relationship based on a backbone curve. This feature
allows the link element's hysteresis behavior to be defined to represent the experimental results
discussed in section 2.3.1. The 3-D roof model was developed following the method,
configuration, and materials properties used by Martin et al. (2011). The developed model provides
several results of the roof structure, including shell stresses, deformed shape, and link element
forces that used for comparative evaluation to different RTWC configurations (N and NPE) that
can be defined in the model system.
4.2

Numerical modeling of connections in woodframe subject to wind loading

4.2.1 General
Over the past few decades, FE models of low-rise buildings have been developed to study the
root causes of structural failure at different levels of modeling scope. The accuracy of the FE model
depends mainly on the resolution of connection modeling, which is mostly the starting point of
building damage (Scoville 2005). It was found out that the actual behavior of the connection
monitored under wind loads is nonlinear semi-rigid, ranging from pure pinned to pure rigid
(Doudak et al. 2005). This section mainly shows different modeling methods used to simulate the
connections in the wood-frame structure model. The connection modeling method has evolved
from sophisticated to simple, and the case-specific rationale for particular. In the earliest efforts,
nonlinearity in modeling connection even in 2D truss was complicated due to the lack of advanced
modeling software, and also cast doubts on the necessity of such complexity (Mtenga 1991). Thus,
more simplified approaches using pinned, rigid, or spring elements were proposed in the following
years.
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4.2.2 Linear modeling
Li et al. (1998) and Dung (2000) employed the linear spring elements in SAP2000 to model the
heel joints, and bottom-chord-splice joints of metal-plate-connected (MPC) trusses to account for
the semi-rigidity while with the rest connections were pinned or rigid. The simplified approach
received satisfactory results under uniform loading by comparing the predicted results with the
experimental load sharing on 2D and 3D truss levels. Limkatanyoo (2003) proposed a simpler truss
model by assuming that all connections are pinned or rigid. To validate the method, an industry
program called VIEW was used to compare their simulation responses to 2D and 3D models under
uniform vertical loads and were consistent with numerical simulations from more complex, semirigid models. Zisis (2006) modeled a rectangular building with rigid connections at all joints
applied with static wind loads using statistical mean and peak values. Validated on 2D individual
frame level by comparing the sum of reactions, and on the whole building level by comparing
mean force coefficients and the percentages of force distribution along shear walls with the
measurements from load cells installed on each shear wall. Martin (2010) developed an analytical
model of a rectangular light-frame wood building with a gable shape using SAP2000. The roof
trusses, sheathing, wall framing, and wall sheathing with all joints were modeled either pinned or
rigid. One of the primary objectives of his study was to develop a practical method to integrate the
effect of edge nailing into the model without having to model individual nails, which is a tedious
process. Instead of modeling individual nails, a relationship between the shear modulus (G12) of
the sheathing (using an elastic, orthotropic material) and the nail spacing for racking loads in shear
walls was developed. By increasing the shear modulus, it was able to simulate the effect of edge
nails at a decreased spacing.
4.2.3 Nonlinear modeling
Selected pinned, rigid, or semi-rigid features to model connections are only valid in-service
load range where connections behave linearly as it failed to simulate the subsequent nonlinear
failure process when exposed to high wind loadings. Recently, there has been active research that
has developed more complex nonlinear semi-rigid connection models to capture the shift of load
paths to the stiffness. Wolfe and LaBissionere (1991) found that the joint-slip, related to the
withdrawal capacity of sheathing- to-frame connectors on the wood-frame roofs, controlled the
load sharing through partial composite action. Here, the "composite action" refers to the interaction
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between the roof sheathing and the top chord of the truss to increase member stiffness and reduce
member deflection by load sharing. Researchers have widely accepted the "partial" related to the
incomplete shear transfer between the two members caused by the nonlinearity of the connections.
Doudak (2005) used nonlinear links to connect the frame elements and the shell to the frame
elements in 3-D FE of rectangular light-frame building. This link was defined based on six
independent nonlinear springs, which exhibited strength degradation when connections
approached failure. Scoville (2005) developed an analytical model for a single wall, including
metal connectors (i.e., Simpson Strong-Tie) at RTWCs. A multilinear plastic link available in
SAP2000 was used to model the nonlinear behavior of connectors. The force-displacement
characteristics were utilized to incorporate the interaction of in-plane loads. Uplift and shear loads
were applied to those connectors to simulate load transferred from the roof.
A 3-D numerical model to study the progressive failure in a wood light-frame building was
developed by Asiz et al. (2010) using SAP2000. Sheathing-to-framing and framing-to-framing
connections were modeled using nonlinear link elements, with properties representing axial, shear,
and rotational degrees of freedom and stiffness. Properties of link elements were derived from
experimental load-displacement responses. The nonlinear analysis was used for the model.
However, only the connections are overloaded in the analysis and only exhibited nonlinear
responses or have residual capacities. In the model, wind forces were applied incrementally from
zero to a level expected to cause systemic failure. Applied forces are exterior surfaces pressures
on wall and roof sheathing elements. Surface pressures are proportional to wind speed squared. At
an approaching wind speed of 125 mph, the numerical solution becomes unstable, indicating that
more than one link element has reached its capacity. The explanation used that the system does
not have sufficient residual toughening capacity to prevent damage propagation under sustained
load. However, this may also be a limitation of the SAP2000 software used, which is under study.
He et al. (2018) established a 3-D FE model that accommodated various materials and structural
connections with mechanics-based load-deformation characteristics such as sheathing nails and
framing-to-framing connections. The predicted structural responses under wind loading simulation
showed reasonable agreement when compared with a large-scale model tested at the Wall of Wind
at Florida International University in terms of the deflection at roof sheathings and RTWCs.
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4.2.4 Summary
In summary, connections of frame wood buildings have modeled as pinned, rigid, semi-rigid
joint in software modeling. Those assigned connections are proved to be representative and reflect
acceptable responses on the entire model under the linear analysis. However, at high wind loads,
the overload condition to structural members is mostly occurred and define the nonlinearity into
the connection becomes necessary. The nonlinear behavior of connections, as explained above,
can be identified by assigning a link element that has six degrees of freedom for predicting the
nonlinear behavior.
4.3

Modeling methods

4.3.1 Model outlines
A 3-D gable roof structure was modeled in SAP2000 with plan dimension 30ft × 40ft (9.1m ×
12.2m) that overhangs 1.5ft (0.46m) on all sides and with a slope of 4:12 (see Figure 4-1). It is not
the purpose of this study to evaluate sheathing-to-wall framing connections. Therefore, the walls
are eliminated from the model for simplicity and limited computational burden. To this case, the
roof was rigidly connected to the ground using spring or link elements in SAP2000, as explained
below.

(a)

(b)

Figure 4-1: 3-D roof structure model: (a) top perspective toggle view; (b) end wall view
Two modeling methods were used to represent the connections between the rafter and top plate
in the model. In the first approach, called M1, every rafter-to-top plate connection is defined as a
pin joint (Figure 4-2(a)). Also, the M1 model uses spring elements to simulate the connections
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between the top plate and the ground as anchor bolt and hold-downs (see Figure 4-2(b)). By
defining these connections in this way, the M1 model can be used to validate the modeling method
with the one in the reference (Martin et al. 2011) as they have both the same connectivity
conditions. In the second approach, called M2, a nonlinear link element was used to model the
rafter-to-top plate connections at the sidewall and the stud-to-top-plate connections at the end wall
(see Error! Reference source not found.). More modeling details for elements are provided in
the following subsections.

(a)

(b)
Figure 4-2: Connection and frame elements defined in the M1 model: (a) rafter-to-top plate
connections sidewall; (b) end wall truss connections
The link element characteristic was defined using the force-displacement data of N or NPE
configurations presented in section 2.3.1, creating two sub-models of M2 (i.e., N-M2 and NPEM2 models). The result of the link elements behavior in those models was used along with the
experimental result for one further step of validation. The comparison in the results (i.e.,
deformations, stresses, and link forces) between the N-M2 and NPE-M2 models provides an
evaluation of the effects of adding elastomeric adhesive to toenailed RTWCs. Note that the NPE
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configuration was chosen over the NPU for better performance in terms of load capacity and
energy dissipation. The configuration index and characteristic parameters are listed in Table 2-4.

Top plates
Rafter
Top plates

Stud
Ground

Ground
Link element: rafter-to-top plate

Link element: stud-to-top plate

Figure 4-3: Link elements in the M2 model
In the end, the study suggests a model, called O-M2, that mixed using the link element as N
and NPE RTWCs at different locations of the roof. The location distribution was proposed based
on observations from the comparison made between N-M2 and NPE-M2 models. Table 4-1
summarizes all the models that were developed and analyzed in this study. In the following
subsections, SAP2000 elements used to model the components of the roof structure are discussed.
Table 4-1: Models description and purpose of using
Model
M1
N-M2

NPE-M2

O-M2

Description
Validation model with the same modeling conditions
used in the reference model (Martin et al. 2011)
Nonlinear link elements used in this model to simulate
the RTWCs as N configuration

Purpose
For validating the modeling
method
For developing a reference case
and evaluating the toenailing
effects on the roof structure
Nonlinear link elements used in this model to simulate For evaluating the effects of
the RTWCs as NPE configuration
adding elastomeric to the
RTWCs on the roof structure
Nonlinear link elements used in this model to simulate For evaluating an optimum use
the RTWCs as a mix between N and NPE configurations of adding adhesive to RTWCs
at critical locations of the roof
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4.3.2 Frame elements
The framing members, including roof truss members and top plates, were modeled using the
frame element with an elastic, isotropic material (see Figure 4-4). The frame element was assigned
the actual cross-section of each framing member of 2×4-in. The double top-plate was modeled
using a single frame element with a cross-section equal to the sum of the individual cross-sections
of the framing members (4×4 -in.) (see Table 4-2). All roof members were modeled as No. 3
southern yellow pine (SYP). Table 4-3 lists the material properties used for the framing element
according to the National Design Specification (NDS) code (American Wood Council 2018) and
the wood handbook ((USDA) Forest Products Laboratory 2010).
Table 4-2: Framing components dimension
Components
Dimensions
Truss members
2in×4in
Overhangs
24 in
Top plates
4in.×4in

Placement
24in. C-C
-

Remarks
Entire Truss Member
Both sides
Double 2×4's

Top plates
Roof truss members

Figure 4-4: Framing members in SAP model
Table 4-3: Properties of the framing elements
Description
MOE (106psi)
Poisson's Ratio
Specific Gravity
Density (lb/in3)
Specific Weight (lbf/in3)

Value
1.4
0.36
0.55
0.0198
7.64
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4.3.3 Sheathing elements
Not only does the plywood sheathing increases the stiffnesses of truss top chord members due
to partial composite action, but it also functions as a distributor beam to transfer the load from
loaded or stiffer trusses to unloaded or more limber trusses. The "shell" type in SAP was used to
define the area section of the roof sheathing covering the in-plane and out of plane behavior. Roof
sheathing (1/2-in. plywood) and end gable truss sheathing (7/16-in. OSB) were modeled using
SAP's thick shell element to capture the full shell behavior (see Figure 4-5). Once the shell element
has been defined in the model, it has meshed into elements with a maximum size of 610 mm (24
in) so that the sheathing elements would align with the framing elements of the trusses to ensure
proper interaction with the framing members. For more details, see subsection 4.3.4.2. The shell
element has meshed in the presence of odd length as in the sheathing of the end gable truss below
the ridgeline, and a "General Divide" option is applied (see Figure 4-5). The material properties
used by the area elements are listed in Table 4-4.

7/16-in. OSB sheathing
with General divide
mesh

1/2-in. plywood sheathing with
24in. mesh size plywood sheathing

Figure 4-5: Sheathing material type and meshing in the roof and gable end truss.
Table 4-4: Material properties used by the area elements
Properties
Oriented strand board (OSB)
Specific gravity
0.62
Density, lb/in
0.02232
Specific gravity, lbf/in3
8.62
Modulus of elasticity, psi (E1, E2)
7.4, 2.3
Shear Modulus, psi (G12)
1.2
0.08
Poisson’s ratio (𝜇)
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Plywood
0.57
0.02052
7.92
19, 2.9
1.5
0.08

4.3.4 Connectivity
The connectivity criteria of the modeled connections are provided in this section. The "joint"
term is used here to represent the real "connection" into the modeling method. It is worth noting
that based on the connection modeling used for the framing members, two models were developed
(i.e., M1 and M2 model), as explained in section 4.3.1.
4.3.4.1 Framing-to framing
With the exception of the connections at rafter-to- top plate and stud-to-top plate in the M2
model, all framing connections for both models were modeled as pinned connection with moment
resistance released in all directions (see Figure 4-6). These assignments reflect the typical
assumptions for connection behavior and stiffness (Martin 2010).

Figure 4-6: The pinned connections between roof truss members, green dots (M2 model)
The link element was used to model the nonlinear behavior of the RTWCs, including the rafterto-to plate connection and stud-to-top plate connection (see Error! Reference source not found.).
At the bottom end, the link element is rigidly connected to the ground representing the missing
shear wall in the current models, as opposed to the reference model (see Figure 4-7). This
assumption was based on the high stiffness of the shear wall in the uplift direction, in which the
shear walls are designed to resist larger axial loads when compared to the RTWCs (Rinaldin et al.
2013). The pivot hysteresis (Multilinear plastic) type was adopted for the link element to describe
the nonlinear behavior of the RTWC. Hysteretic behavior may affect nonlinear static and nonlinear
time-history load cases that exhibit load reversal and cyclic loading. Monotonic loading is not
affected (Computers and Structures In. CSI 2008). Therefore, define the parameters (i.e.,
𝛼 , 𝛽, 𝑎𝑛𝑑 𝛾), as shown in Figure 4-8, that correlated to cyclic loading is not important in the load
cases used for the current models (see section 4.3.5).
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Figure 4-7: SAP model of a typical light-frame building (Martin 2010)
Force versus displacement curve given by a set of points is used to define the nonlinear behavior
under monotonic loading in the positive and negative directions. This curve is called the backbone
curve, and it can take on almost any shape, with some restrictions that can be found in the SAP's
manual. As shown in Figure 4-8, the first slope on either side of the origin is elastic; the remaining
segments define plastic deformation.

Figure 4-8: Multilinear plastic- pivot hysteresis type (Computers and Structures In. CSI 2008)
The force-displacement of N and NPE configurations that obtained experimentally in the
current study (see Figure 4-9) was used to define the backbone curve in the degree of the zdirection (upward).
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10

N- experimental

Force (kN)

8

NPE-experimental

6
4
2
0
0

5

10

15

Displacement (mm)

Figure 4-9: Force-displacement relationship of the N and NPE configurations
4.3.4.2 Framing-to-sheathing
The sheathing-to framing connections found in actual wood roofs were not modeled, but rather
a single area of sheathing was used for each side of the roof and end gable truss (see Figure 4-10).
Modeling single 4ft × 8ft sheathing sheets is time-consuming. Cramer et al. (2000) and Martin
(2010) have shown that for investigating load sharing and load paths in roofs, modeling individual
joints is unnecessary. Martin (2010) provides a detailed explanation that meshing the sheathing is
valid for creating connections with framing. SAP2000 ultimately divides each single modeling
shell element into multiple shell elements through meshing (see Figure 4-5). The user can choose
how the mesh is defined and allows the user to inspect the mesh of each shell element by viewing
the internal analysis model.
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one sheathing area

1

Sheathing

1

(b)
one sheathing area

(a)
Figure 4-10: Sheathing area in SAP model; (a) roof sheathing; (b) end gable truss sheathing
4.3.4.3 Framing-to-ground
Anchor bolts and hold-down devices were used in the M1 model using the directional linear
spring. Three springs were used for the anchor bolts: one is oriented in the vertical z-direction
representing the axial stiffness, and the two are oriented in the lateral, x- and y- directions
representing the shear stiffness. Hold-downs were defined with only one spring oriented in the zdirection (see Figure 4-11). The axial stiffness of the anchor bolts was determined based on fullscale tests performed by Seaders et al. (2009). The axial stiffness of the hold-downs was
determined from properties available by the manufacturer, Simpson Strong-Tie (Simpson Strong
Ties 2019) (see Table 4-5). The orientation of the anchor bolts and hold-downs is shown in Figure
4-11.
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Figure 4-11: Local Axes for Anchor Bolts and Hold-downs (Martin 2010)
Table 4-5: Spring stiffness used to model the anchor bolts and hold-downs
Item
X- direction (shear) lb/in Y- direction (shear) lb/in Z- direction (shear) lb/in
Hold-downs
Anchor bolts

65000

65000

35000
35000

4.3.5 Loading cases and analysis method
Different loading cases were applied normal to the sheathing area of the developed roof models,
as listed in Table 4-6. Uniform pressure of 50 psf was applied to the M1 model. Under this pressure
loading, the linear static analysis was performed. This loading case was adopted from one of the
loading cases in (Martin 2010) so that the responses of the M1 and the reference model can be
compared under the same loading and analysis conditions to validate the 3D roof modeling method
utilized in this study.
The N-M2 and NPE-M2 models were subject to a ramp pressure loading with two loading
profiles. One is a uniform pressure with a peak value of 50 psf applied within 5 seconds. The other
has the same loading application ramping function (see Figure 4-12) but with varying design
pressure values at different roof sheathing locations defined in ASCE7-16 (see Table 4-8). The
O-M2 model was applied to uniform uplift pressure ramp function.
Table 4-6: Load profile, application function, and analysis methods assigned to the developed
models
Loading profile (lb/ft2)
Uniform pressure of 50 psf
Uniform pressure of 50 psf
ASCE7-16 wind design pressure

Application
function
Static
Ramp
Ramp

Analysis

Model

Static linear
Nonlinear time history
Nonlinear time history

M1
N-M2, NPE-M2, and O-M2
M2
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Figure 4-12: Ramp function of applying 50psf in a time-history manner
ASCE 7-16 provides provisions for wind design loading calculation for both the "Main Wind
Force-Resisting System" (MWFRS) and the "Component and Cladding" (C&C) members. ASCE
created C&C wind loads to represent peak gusts that appeared in small areas due to local funnels
and turbulence. MWFRS members are generally not directly exposed to wind loads, but instead,
receive wind loads through components and cladding. Some elements are recognized in both
systems (for example, structural sheathing). However, it has been noted that C&C load cases
attempt to address the worst-case scenario (Datin 2010). Furthermore, the uplift of the roof
cladding is a primary consideration in extreme wind events, and it is speculated that local effects
on the roof structure will cause great damage. Therefore, in this study, C&C pressure is adopted
to determine the load acting on the roof structure model. The ASCE simplified procedure provides
identical wind loads to the analytical model for the roof structure in this study. The structure was
enclosed, and the maximum uplift pressures were determined based on the ASCE case of positive
internal pressure. Table 4-7 lists the assumptions and classifications that considered to determine
the appropriate wind loads for the roof model. ASCE 7-16 Figure 30.4-1 shows the net design
wind pressures at different wind speeds, as included in Table 4-8, according to which the applied
pressures at the identified zones of the roof and the overhang are calculated and listed in Table 4-8
as well.
Table 4-7: Assumptions and classifications considered in this study refer to ASCW7-16
Parameter
Assumption/classification
Reference in ASCE7-16
Exposure category
B
Section 26.7
Topographic factor, Kzt
1.0
Section 26.8
Occupancy
II
Table 1.5-1
Importance factor, I
1.0
Table 1.5-2
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Table 4-8: Net design wind pressure, for Exposure B at h = 30 ft (ASCE7-16 Figure 30.4-1)
Structure type

Zone

Net design wind pressure
(lb/ft2)
at V= 95mph

Gable roof

Roof overhang

at V= 150mph

1 and 2e

30

75

2n, 2r, and 3e

44

110

3r

52

129

2n and 2e

48

115

3e

56

139

3r

66

165

The responses of the N-M2 and NPE-M2 models subject to the ramp wind load were obtained
using the nonlinear time history analysis. Results were compared to evaluate the effects of adding
elastomeric adhesive. The force-displacement curves of the link element were drawn and then
validated against experimental test data. The same nonlinear time history analysis and uniform
pressure of 50 psf were used to evaluate the proposed roof model O-M2.
4.4

Model validation

4.4.1 Linear static response of the 3D roof model
Multi-levels of validation were undertaken to ensure the accuracy of the modeling method used
in the current study when compared with the reference model (2010). It is worth noting that the
reference model has been accepted after its validation against other 2D and 3D numerical and
experimental models. After loading and analyzing the M1 model as specified in Table 4-6, the
structure responses show a symmetrical pattern due to the symmetry in the geometry and load
application of the model. Results of the vertical reactions at the hold-down devices and anchor
bolts, stress accumulation, and deformations are presented below.
The end wall shows a load intensity (i.e., apex) directly below the roof peak (see Figure
4-13(a)). This is due to the accumulated load in the roof structure, which is transmitted directly
through the ridgeline to the anchor bolts below (see Figure 4-14(a)). The reactions located at the
sidewall show a parabolic profile with maximum generated at the middle anchor bolt. Reactions
at the sidewall are higher in value than those at the end wall, except at corners where both are the
same (see Figure 4-13). The reaction behavior showed in the M1 model indicates that loads applied
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on the roof structure are not effectively transferred to the end walls and are ultimately being forced
to the sidewalls.

Reaction (lbs)

1900

Reference model

M1 model

1700
1500
1300
1100
900
700
0

5

10

15

20

25

30

Location (ft)
(a)
3700

Reaction (lbs)

3200
2700
2200
1700
1200

Reference model

M1 model

700
0

10

20

30

40

Location (ft)
(b)
Figure 4-13: Reaction profile of the reference model (Martin 2010) and M1 model: (a) end wall
(b) sidewall

(a)

(b)

Figure 4-14: Load accumulation in the gable end below the ridge of the roof: (a) current model;
(b) reference model (Martin 2010)
67

The practical implication of this finding is that the anchor bolts located on the sidewall bear
more loads than the anchor bolts at the end wall-even below the ridgeline (i.e., at the middle). A
good agreement in the trend of the results between the M1 and reference models can be observed
through Figure 4-13 and Figure 4-14. However, the absence of the shear walls in the M1 model
affects the response amounts. As the roof directly connected to the ground by the anchor bolts and
hold-down devices, the roof structure becomes stiffer and more evenly distribute the roof loads to
the sidewall. Observing the reaction profile at the sidewall (see Figure 4-13(b)), shows that the
seven interior anchor bolts each carry approximately the same vertical load of 3500 lbs (15.6 kN).
In comparison, the reference model shows lower vertical loads in anchor bolt and varies in the
range of 2050 to 2900 lbs (9.1 kN to 12.9 kN) for the same uniform roof pressure. As a result, the
reactions at the end wall of the M1 model are smaller than those of the reference model. The total
reactions in both models show a good agreement with a slight discrepancy ratio of 2.5%. The
deformed shape of the roof sheathing is another aspect that is evaluated to validate the M1 model
with the reference model. Observing the deformed shape of the reference model, more uplift
deformations are seen at the overhang corners and middle sheathing panels. The M1 model shows
similar uplift deformations of the sheathing (see Figure 4-15). However, deformations were more
distributed, which leads to being reduced over the middle sheathing panel. It can be concluded that
increasing the stiffness, as in the M1 model due to the direct connection to the ground, has a
significant effect on the sheathing deformation response. The results of these multiple verification
steps showed that the 3D roof model adopted in this study and the simplified modeling techniques
adequately characterize the structural responses that are observed in the reference model.

(a)

(b)
-3

Figure 4-15: Deflected Shape in inches (10 ): (a) M1 model (b) reference model (Martin 2010)
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4.4.2 Nonlinear response of the link elements
The responses of the link element in the M2 models were obtained from nonlinear time -history
analysis and are validated here against the experimental results. Figure 4-16 shows the comparison
of the force-displacement curve between the experimental results and the responses of the link
element obtained from N-M2 and NPE-M2 models. As can be seen from the figure that the
responses obtained from the numerical simulation follow the responses obtained from the
experimental results (see Figure 2-6). Based on that comparison, it is shown that detailed numerical
element models are capable of acceptable predictions of RTWCs nonlinear behavior when the
nonlinear element model is being used. The link element can capture the linear and nonlinear
behavior, including stiffness, peak responses (i.e., maximum force and its corresponding
displacement), plastic deformation following failure point.
10
Experimental analysis (N config.)
Numerical analysis (N config.)

8

Experimental analysis (NPE config.)

Force (kN)

Numerical analysis (NPE config.)

6
4
2
0
0
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4

6
8
Displacement (mm)
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16

Figure 4-16: Force-displacement relationship from experimental and numerical analysis of
RTWCs; N and NPE configurations
4.5

Performance evaluation

4.5.1 N-M2 and NPE-M2 models
Results representing deformations, stress, and link element forces of N-M2 and NPE-M2
models are provided in this section. As described earlier, two loading profiles (i.e., uniform uplift
pressure of 50 psf and ASCE7-16 wind design pressures) were assigned to the models, and then
nonlinear time-history analysis was performed. A comparative evaluation between the two models
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was performed to indicate the effects on the overall performance of the roof structure by adding
adhesive to RTWCs.
4.5.1.1 Uniform uplift pressure (50psf)
At several time steps of applying the pressure, the force and displacement results are plotted in
Figure 4-17of the link elements that showed the failure first. In which the link elements at the
middle and edge locations of the roof structure obtained the highest load transferred from the roof.
At a pressure of 19 psf, the link element located at the middle of the sidewall in the N-M2 model
failed (see Figure 4-17(a)), while the link element located at the edge of the roof side failed later
at a pressure of 28 psf (see Figure 4-17b). Figure 4-17(c) indicates that under the complete load
application of the 50 psf, those link elements in the NPE-M2 model did not reach their ultimate
load capacity. In contrast, link elements in the N-M2 model reached their ultimate load capacity
and showed nonlinear behavior even before the loading application of 50 psf is completed (see
Figure 4-17(a) and (b)).

Link element at sidewall roof

Link element at end wall roof

8

Force (kN)

6

(a)19 psf

8

(b) 28 psf

8

(c) 50 psf

8

6

6

6

4

4

4

4

2

2

2

2

0

0

0

0
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0 5 10 15 20 25

0 5 10 15 20 25

(d) 75psf

0 5 10 15 20 25

Displacement (mm)
Figure 4-17: Force-displacement relationship in link elements of N-M2 and NPE-M2 models at
pressures: (a) 19 psf; (b) 28 psf; (c) 50 psf ; (d) 75 psf
The uniform uplift pressure was increased to 75 psf until link elements of the NPE-M2 models
showed the ultimate capacity and then failed (see Figure 4-17 (d)). However, at 28 psf pressure,
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the N-M2 model started to show extreme responses of deformations and stresses, pointing out to
the failure stage. Therefore, under 28 psf pressure, the two models were their performance
evaluated.
The von Mises stresses in the shell element for the models are displayed at a pressure of 28 psf.
The von Mises stress is a convenient method of combining the stresses (normal and shear) that act
in all three directions (X, Y, and Z) into a single parameter, called the equivalent stress or von
Mises stress. The stress at three different areas of the roof (i.e., ridge, overhang, and under roof
peak) was evaluated (see Figure 4-18). Those areas are the most vulnerable to damage, as observed
in post-hurricane surveys (van de Lindt et al. 2007; Tezak et al. 2009). It can be seen that the stress
acting on the ridgeline area in the NPE-M2 model shows maximum stress of 55×103 psf, while in
the N-M2 model, the maximum stress is 110×103 psf, which reveals an improvement in reducing
stress by half. The stress on the overhangs area of the NPE-M2 model is quite low (22×103 psf)
comparing to the N-M2 model, which is about 88×103 psf. The significant reduction in the stress
by five times less in the NPE-M2 model indicates that load transfers can be enhanced using
adhesive at the roof connections. The area under the roof peak shows the highest stress
concentration in the N-M2 model of 220×103 psf. Therefore, special care should be taken to this
area, especially when attic vents are often placed directly below the roof peak. In the NPE-M2
model, the stress at the under peak roof area shows the minimal value of 44×103 psf, which
indicates a 500% stress reduction when compared with the N-M2 model. It can be concluded that
adding adhesive to RTWCs leads the roof system to become stiffer and capable of distributing
loads on the roof more evenly to the foundation. As observed in the N-M2 model, stresses are
concentrated at the overhang and ridgeline areas of the roof. This finding coincides with the
observations made after Hurricane Katrina strike that a significant amount of failures were
occurred to roof sheathing panels around the perimeter of the roof and near the ridgeline (van de
Lindt et al. 2007).
The deformations in both models are shown in Figure 4-19, where the effect of adding the
adhesive becomes apparent. In the NPE-M2 model, the deformations are distributed longitudinally
over the sheathing panels and minimized by 400% compared with the N-M2 model, and this
improved behavior can play an influential role in decreasing the adverse effects associated with
water and air intrusion into buildings. Figure 4-19(b) shows that deformations are shared with both
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sides of the roof as two-way slab behavior, while Figure 4-19(a) indicates that deformations do
not make it to the end wall side, and it is transferred to the sidewall side alone. However, increased
stiffness of the roof structure significantly, as in the NPE-M2 model, leads to accumulating more
deformations at the overhang corners upwards, as opposed to the N-M1 model, which the overhang
corners plunge downward.

Ridgeline
Overhang
Under roof peak

Figure 4-18: von Mises stresses (103 psf) in the shell element: (a) N-M2 model; (b) NPE-M2 model
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Figure 4-19: Deformed shape in inches: (a) N-M2 model; (b) NPE-M2 model
4.5.1.2 ASCE7-16 pressures
The roof sheathing behavior in terms of deformation and stress under ASCE 7-16 pressures was
similar to those observed under the uniform pressure. The magnitude of the responses was different
because the applied load was not identical to the uniform pressure case. Net design wind pressures
were applied corresponding to basic wind speeds of 95 mph and 150 mph, as explained in Table
4-8.
The force responses of the N-M2 link elements are shown in Figure 4-20. At 50% of the applied
pressures related to 95 mph, the forces in link elements located at the sidewall show parabolic
profile (see Figure 4-20(a)). Link elements located in the middle of the sidewall reach the ultimate
capacity (1.9 kN), while the links at the edges still can take more loads. Link elements at the end
wall show comparable forces with an average of 1.18 kN (see Figure 4-20(b)). This behavior
indicates that RTWCs at the end wall can distribute the loads more evenly than the end wall. For
examining the failure stage of the model, the pressures level was increased to 70%. The link
elements located in the middle of the sidewall reached the complete failure by showing almost
zero response (see Figure 4-20(a)). This behavior in the real case means that the connection parts
are entirely separated. In contrast, link elements at the end wall reached their ultimate capacity
(1.9 kN) equally, showing more distribution of the load compared with the sidewall link elements.
73

It can be concluded that the failure occurred to the N-M2 connections under pressures related to
the wind speed of 95 mph. This finding shows an agreement with the conclusion made by Cheng
(2004) that "Most toenailed connections of a wood-framed structure can fail when wind speed
goes beyond 90 mph".
The link elements in both sides of the NPE-M2 model have shown no failure under 100% of
the applied pressures related to the 95 mph. However, the NPE-M2 link elements failed at 90%
of the applied pressures related to 150 mph. It was determined that adding adhesive to roof
connections can significantly increase the estimated critical wind speed on the roof structure up to
category 4 (130-156 mph).
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Figure 4-20: Link elements forces profile in N-M2 model under ASCE7-16 pressures related to
basic wind speed of 95 mph; (a) sidewall; (b) end wall
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4.5.2 Optimum model (O-M2)
In addition to N-M2 and NPE-M2 models, another model configuration of roof connection (i.e.,
O-M2) was developed. The O-M2 model adopted the idea of adding adhesive to RTWCs at critical
locations of the roof, which can provide a cost-effective alternative due to the limited application
of adhesive (see Figure 4-21). RTWCs at those critical locations showed the highest stress and
deformation concentration from examining the performance of the N-M2 model.

Figure 4-21: Load path (arrows) and locations (circles) of adding adhesive to RTWCs in the OM2 model
The O-M2 model was evaluated under the same uniform uplift pressure (28 psf) and analysis
method (nonlinear time history) applied to the N-M2 and NPE-M2 models. Table 4-9 shows the
maximum responses of stress and deformation acting on the roof sheathing of the three developed
models and the corresponding reduction percentage (%) relative to the N-M2 model.
Table 4-9: Maximum responses of N-M2, NPE-M2, O-M2 models under 28psf uniform pressure
Max. Stress (103 psf)

Deformation
Model

Max.
(in.)

NPE-M2

0.49

O-M2

0.70

N-M2

2.66

location
sheathing panel next
to the ridgeline
sheathing panels &
overhang
sheathing panels

Stress reduction
(%)

22

under roof
peak
44

60,400, and 600

80

22

100

50, 125, and 100

110

88

220

-

ridgeline

overhang
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It can be observed from the table that the O-M2 model shows a reduced maximum deformation
of 0.7 in compare to the N-M2 model (0.2.66 in). This finding indicates that the O-M2 model can
provide a cost-effective and efficient alternative for minimizing the adverse effects of sheathing
75

deformations. The stresses were considerably reduced at the roof overhang and ridgeline areas of
the O-M2 compared with the N-M2 model
Figure 4-22 and Figure 4-23 show the distribution of the stresses and deformations on the roof
sheathing, respectively. In comparison to the N-M2 model where stresses are concentrated at the
overhang and ridgeline areas (see Figure 4-22(b)), the O-M2 model shows new redistribution of
the stresses to be less concentrated on the overhang, especially in the middle zone and being
transferred toward the next sheathing panels (see Figure 4-22(a)). The new stresses distribution
shown in the O-M2 model reflected on the deformed shape. Figure 4-23(a) shows that
deformations are redistributed longitudinally and transferred from the middle overhang as opposed
to the N-M2 model (see Figure 4-23(b))

(a)

(b)

Figure 4-22: Stresses distribution over the roof sheathing (psf): (a) O-M2 model; (b) N-M2 model
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(a)

(b)

Figure 4-23: Deformed shape in inches: (a) O-M2 model; (b) N-M2 model

4.6

Conclusion and future work

A 3-D numerical model of a gable roof structure was developed to evaluate the effects of adding
elastomeric adhesive to RTWCs. The model is an ideal representation of the essential features of
the light-frame wood structure. First, a roof model (i.e., M1) was developed for validation
purposes. Results from reaction profile, stress, and deformed shape were validated against data
from the literature to prove the modeling method before the analysis has proceeded. The validated
modeling method was used to develop two models, namely NPE-M2 and N-M2. The forcedisplacement experimental test results of N and NPE configurations that obtained previously
(Chapter 2) were employed to define the link element in the model simulating the roof connections
behavior. One further model was proposed (i.e., O-M2) by adding adhesive at critical connections
of the roof. This model provides a cost-effective and efficient alternative for improving roof
responses against uplift loads. Investigations were performed using uniform uplift pressure and
ASCE 7-16 design wind loads. The following conclusions were drawn based on the obtained
results. Based on the comparisons made under the validation procedure, it shows that the current
numerical model of a typical roof structure is capable of acceptable predictions of responses.
77

•

The nonlinear behavior, including the failure point of roof connections, was captured
using a nonlinear link element as an available feature in the modeling software.
Consequently, the failure of the roof can be predicted and allow design solutions to
avoid premature damage.

•

RTWCs located at the sidewall of the roof structure experience a higher transferred load
from the applied pressure compared to the RTWCs at the end wall.

•

Loads are accumulated at the ridgeline of the roof and transferred to the end walls
sheathing directly below the roof peak. Thus, the RTWCs in the middle of the end wall
carries a significant portion of the uplift loads.

•

Comparing the results of the NPE-M2 model to the N-M2 model under the uniform
uplift pressure shows that stresses are reduced considerably in the ridgeline, overhang,
and under the peak roof areas by (100~ 600% ). In addition, deformations are distributed
longitudinally on the sheathing panels and minimized by 200%.

•

Net design pressures (ASCE7-16) of wind speed 95 and 150 mph were applied. The NM2 model shows the failure in its connections at 70% of the applied pressures of wind
speed 95 mph, while the NPE-M2 model shows no failure at 100% of that applied
pressures. At 90% of the applied pressures of wind speed 150 mph, the NPE-M2 model
fails.

•

Adding adhesive only to critical locations that show high intensity in response ( i.e., in
the middle of the sidewall and middle and edge of the end wall) provides a cost-effective
and efficient alternative that can save time and labor. The result of stresses shows that
stress reduction is close to what achieved at the overhang zones in the NPE-M2 model.
However, the stresses concentrate more in the middle of the edge sheathing panel.
Deformations are reduced by 200% when compared with the N-M2 model.

For future recommended research:
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•

The SAP model developed in the current study represents the roof structure. Future
research could make use of the modeling techniques used herein to develop a full
residential structure model, including the shear walls effects.

•

More complex roof geometries could be investigated. The current study made use of the
traditional gable roof shape. With the same building footprint, a hipped roof could easily
be researched.

•

Additional load cases could be considered. The loads in the study were limited primarily
to uplift. For example, wind tunnel testing could provide the pressures experienced on
the roof structure.
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CHAPTER 5 CONCLUSION AND FUTURE WORK
5.1

Conclusion

The roof-to-wall connection is a critical member within the structural system of residential
wood buildings for maintaining a continuous load path from the roof down to the foundation.
Ensure the integrity of the roof-to-wall connection could significantly minimize wind losses. This
dissertation work includes experimental and numerical investigations that aimed at improving the
performance of light-frame wood construction by developing an affordable, efficient, long-service,
and nonintrusive roof connection using elastomeric adhesives to resist the adverse effects of
extreme wind events.
The primary objective was to determine whether the developed connection with elastomeric
adhesive can provide considerable improvements over traditional construction approaches under
uplift wind loads. To evaluate the uplift capacity of the proposed roof connection using the
elastomeric adhesives, and to explore the potential of these two adhesives for broader application
in new construction, a total of 30 rafter-to-top-plates specimens representing six configurations
were fabricated, and their performance to resist the uplift wind load was evaluated through
monotonic uplift experiments. The force-displacement curve of each specimen was obtained, and
the characteristic parameters were calculated based on the average curve of the six configurations.
In addition, failure modes were inspected to provide reasonable explanations for the capacities of
each configuration. Test results show that the connections with adhesives increased uplift load
capacity by approximately 200%–460%, energy dissipation by approximately 200%–750%, and
the initial stiffness by approximately 300%–500% compared with the reference specimens without
adhesives. The ductility of connections was improved by the application of polyether as opposed
to polyurethane. Replacing hurricane ties in the connections with the adhesives approximately
doubled the load capacities and reduced the energy dissipation and deformation capacity. Besides
increasing load capacities, applying adhesives to roof connections causes a considerable reduction
in deformation under the same load level, which minimizes the adverse effects associated with
water and air intrusion into buildings.
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The second objective was to estimate the wind-induced fatigue damage of standard toenailed
connections and to evaluate wind-induced fatigue mitigation performance of the proposed
strengthening method using elastomeric adhesives. This was accomplished by developing two
types of fatigue experiments, namely the constant amplitude loading tests and the varying
amplitude loading tests. The constant amplitude loading tests were performed, where the loading
protocol consisted of a minimum load of zero to various maximum loads selected randomly as a
percentage of the static load capacity of specimens. The resulting number of cycles to failure versus
the load amplitudes were plotted for each configuration from which a fatigue load- life model was
developed based on the regression analysis, and the endurance limits were determined.
Test results show that adding adhesives to the toenailed connections significantly increases the
endurance limit by 250~330%. The wind speeds of 20-40 m/s were determined as the minimum
speeds that generate peak loadings above the endurance limit of the RTWCs, therefore, designing
such connections using a wind speed above these minimum speeds shall consider potential fatigue
damage. Equations were derived to predict the reduction in the static capacity of an RTWC at a
given number of cycles. Although the developed models and equations provide a means to estimate
the fatigue life and load capacity reduction of the RTWC, they cannot be broadly adopted yet due
to the limited number of specimens tested in this study. Varying amplitude loading protocols were
developed based on a realistic wind force-time history using the rainflow count method, and they
were applied to one specimen of each configuration. The NPE specimen showed a longer fatigue
life with 955 repetitions compared to the NPU specimen with 876 repetitions. The cumulative
fatigue damage quantification was performed using Miner’s rule that found to reasonably predict
fatigue damage of the RTWCs when subject to multi-amplitude wind loadings. The stiffness
degradation was computed based on the hysteretic curves and related to the percentage of fatigue
life. The stiffness of the NPE specimen degraded at a 130% higher rate than the NPU specimen,
while the NA specimen showed the minimum stiffness degradation. Failure behavior of specimens
under constant and varying loading tests is discussed to provide interpretations of the observed
fatigue behavior.
In conclusion to this objective, standard toenailed connections are exposed to fatigue damage
at a minimum wind speed of (20m/s) due to its lower endurance limit and tend to experience
sudden failure at a certain number of load cycles. Adding elastomeric adhesive to the standard
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connections provides a wind-induced fatigue mitigation alternative by increasing the endurance
limit and significantly expand the fatigue life at the same load level or even higher than that applied
to standard connections. The testing results presented herein provide essential data on the
hysteresis behavior and failure modes of RTWCs that are expected to promote the implementation
of adhesives in the wood constructions. Further tests covering more load ranges are needed to
refine the developed models to be reliably used.
The last objective was to evaluate the effects of adding elastomeric adhesive to roof-to-wall
connections at the system level of a light-frame roof structure under extreme wind events. This
was accomplished by developing a three-dimensional numerical model of a gable roof structure.
The model is an ideal representation of the essential features of light-frame wood structure physical
characteristics. First, a roof model (i.e., M1) was developed for validation purposes. Results from
reaction profile, stress, and deformed shape were validated against data from the literature to prove
the modeling method before the analysis has proceeded. The roof connection was modeled using
a nonlinear link element in the modeling software (SAP2000). The validated modeling method
was used to develop two models, namely NPE-M2 and N-M2. The force-displacement relationship
obtained from test results of N and NPE configuration was employed to define the link element in
the model simulating the behavior of the corresponding RTWCs. One further model was proposed
(i.e., O-M2) by adopting the scenario of adding adhesive at critical connections of the roof, which
provides a cost-effective and efficient alternative for improving roof responses against uplift loads.
This investigation was performed using uniform uplift pressure and ASCE 7-16 design wind
pressures with nonlinear time history analysis. Specific conclusions that are derived from this
modeling study are the following:
•

Based on the comparisons made under the validation procedure, it shows that the current
numerical model of a typical roof structure is capable of acceptable predictions of
responses.

•

The degradation behavior when connections approached failure is able to be observed
using a nonlinear link element as an available feature in the modeling software. With
this finding, the roof failure loads can be predicted and thereby allowing design
solutions to avoid premature damage.
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•

When subjected to uniform uplift pressure, roof connections located in the side walls
experience the highest transferred loads.

•

Loads accumulated at the ridgeline of the roof were transferred to the end wall sheathing
directly below the roof peak. The roof connection in the middle of the end wall
consequently carries a significant portion of the uplift loads.

•

By comparing results in the NPE-M2 model to the N-M2 model under the uniform uplift
pressure, stresses were reduced considerably in the ridgeline, overhang, and under the
peak roof areas by 60%, 400%, and 600% respectively. Stresses were distributed over
the roof sheathing as oppose to the N-NRC model, while concentrated at the overhang
and ridge areas. In addition, deformations were distributed longitudinally over the
sheathing and minimized by 200%.

•

It was determined that adding adhesive to roof connections can significantly increase
the estimated critical wind speed on the roof structure up to category 4 (130-156 mph).
Additionally, toenailed connections of a roof wood structure may fail when wind speed
is beyond 95 mph.

•

The result of the O-M2 model shows that adding adhesive to roof connections at critical
locations provides a cost-effective and efficient alternative due to the limited application
of adhesive and reduced sheathing deformations by 200% when compared with the NM2 model.

5.2

Future work

Based on the research performed, several areas for improving upon and extending this work are
presented.
•

The variations in the uplift capacities and failure behaviors using the two adhesives
indicate that the roof connections may be designed to achieve a certain performance
level based on the selection of adhesives. However, before these changes are widely
adopted, further research is needed to evaluate the proposed roof connection
performance in a full-scale experiment.
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•

The sheathing-to-framing connection is also a critical component in the vertical load
path of the light-frame buildings. Investigations on the effects of adding adhesive at this
connection are needed. This improved connection with the proposed roof-to-wall
connection can considerably enhance the roof structure performance against high wind
loads.

•

The performance of adding elastomeric adhesives to roof connections was limited to the
case of unidirectional uplift loading. Future research is required in the case of
multidirectional loading. Findings should provide valuable results to supplement those
obtained from this investigation.

•

The durability aspect of the application of elastomeric adhesives needs to be extensively
studied under severe environmental conditions, such as freezing, thawing, humidity, and
moisture content of the wood to ensure the applicability in the coastal areas that have
varying weather conditions.

•

Assessment investigation of the effects of installation variations and errors, both in the
field and in the laboratory of the proposed connection using elastomeric adhesive is
recommended for future work.

•

Even though manufacturers’ instructions for applying adhesives to different substrate
materials are available, different aspects related to the adhesive application need to be
studied, such as the effects of the thickness of the adhesive layer.

•

The fatigue test results can be suitably combined with the local wind climatic data so
that the service life for roof connection can be predicted. Future experimental work and
data analysis are recommended for such kind of service life projections.

•

Based on the limited number of tests in this investigation, the effect of loading frequency
on fatigue test results needs to be studied and correlated with the range of frequency that
can be used in practice.
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•

Fatigue experimental study for a large scale test of a wood-frame building is
recommended for future work to evaluate the structural components at the system level
and track the weakness that could lead to premature failure under the repeated loading
conditions simulating the wind loading.

•

The numerical model developed in this investigation represents a roof structure envelop.
Future research could make use of the modeling techniques used herein to develop a
complete residential building model, including the shear walls, to investigate other
connections such as the stud-to-bottom plate and stud-to-sheathing.

•

More complex roof geometries shall be investigated. The present study made use of the
traditional gable roof shape. With the same building footprint, a hipped roof can be
easily researched.

•

Additional load cases shall be considered. The loads in the study were limited primarily
to uplift. For example, wind tunnel testing can provide a pressure loading profile
experienced on a roof structure.
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